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MEMS DEVICE AND METHOD FOR
MANUFACTURING THE SAMEL

CROSS REFERENCE TO RELATED
APPLICATION

This application claims priority under 35 U.S.C. §119 to
Patent Application No. 2008-232628 filed 1n Japan on Sep.

10, 2008, the entire contents of which are hereby incorporated
by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present disclosure relates to a device such as a sensor
manufactured based on MEMS (Micro Electro Mechanical
Systems) techniques, and a method for manufacturing the
same. More particularly, the present disclosure relates to a
sonic sensor including a diaphragm that detects pressure
variations and vibrates in response thereto and that 1s capable
of transducing the vibration into an electric signal, and a
method for manufacturing the same.

2. Description of the Background Art

A techmique called “MEMS” has recently seen progress in
the art, which utilizes miniature processing techniques used
in the manufacture of semiconductor LSIs, e.g., techniques
tor processing silicon. Using the MEMS techniques, various
mimature components such as, but not limited to, accelera-
tion sensors, pressure sensors and sonic sensors have been
developed and commercialized. Accordingly, there have been
demands for applying MEMS to portable devices and down-
s1zing MEMS chips for cost reduction.

In order to detect variations 1n acceleration or pressure, a
sensor using MEMS techniques has a structure with a dia-
phragm {ilm, which 1s to be a vibrating member, formed over
a silicon substrate having a through hole therein (hereinafter
referred to as a “diaphragm structure”).

In one method for forming a through hole in a silicon
substrate 1n order to realize a diaphragm structure, a silicon
substrate having a (100) plane as the principal plane 1s sub-
jected to anisotropic etching with an alkaline etchant such as
KOH. This method produces a through hole 1n the silicon
substrate, 1n which the inner wall surface of the through hole
1s the S1 (111) crystal face being an inclined plane. With a
through hole having such an inclined mner wall, the MEMS
sensor chip will be large. In other words, the formation of a
through hole whose 1nner wall surface 1s the S1(111) crystal
face becomes a factor that inhibits the downsizing of a MEMS
sensor chip.

As a solution to this problem, JP Laid-Open Patent Publi-
cation No. 2008-98524 discloses a method for downsizing a
MEMS sensor chip by reducing the proportion of the S1(111)
crystal face, 1.e., the inclined plane, with respect to the area of
the MEMS sensor chip.

FIGS. 27A and 27B are a plan view and a cross-sectional
view, respectively, showing a conventional diaphragm struc-
ture disclosed in JP 2008-98524. As shown 1n FIGS. 27A and
27B, a conventional diaphragm structure 11 includes an Si
substrate 12 having a (100) crystal face as the principal plane,
and a device thin film (diaphragm) 13 formed on the Si
substrate 12 with a holding section 18 interposed therebe-
tween. The S1 substrate 12 includes a through hole 14 runming,
through the substrate 12 from the front surface to the reverse
surface thereol, which 1s formed by wet-etching the S1 sub-
strate 12 from the reverse surface. The through hole 14 has a
rectangular shape on the principal plane of the S1 substrate 12,
and the longitudinal and lateral sides of the rectangular shape
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run along the <110> orientation on the principal plane being
the (100) crystal face. The inner wall of the through hole 14

includes inclined planes 15 and 17, each being the (111)
crystal face or an equivalent crystal face formed at the front
surface side and the reverse surface side of the S1substrate 12,
and a vertical plane 16 connecting the inclined plane 15 and
the inclined plane 17 with each other. Thus, the cross section
of the through hole 14 1s tapered at the front surface side and
the reverse surface side of the S1 substrate 12.

SUMMARY OF THE INVENTION

The diaphragm structure 11 disclosed 1n JP 2008-98524 1s
an elfective way of ensuring a large size of the diaphragm
even when the MEMS sensor chip 1s downsized.

However, 11 the chip 1s downsized when the diaphragm
structure 11 1s used as a sonic sensor, there are problems such
as lowered sensitivity due to the reflection of the sound wave
at the inclined planes 15 and 17 or due to the path for the
sound wave coming 1n from the reverse surface side of the S1
substrate 12 as viewed from the diaphragm 13 being nar-
rowed midway along the path, because the cross section of the
through hole 14 1s tapered at the front surface side and the
reverse surface side of the S1 substrate 12. The inclined planes
15 and 17 are each the (111) crystal face or an equivalent
crystal face, and therefore have an angle of about 35.3 degrees
(more accurately, arctan((v2)/2)) with respect to the (100)
crystal face being the principal plane. In other words, the
inclined planes 15 and 17 have an angle of about 54.7 degrees
with respect to the vertical plane 16.

Moreover, as the chip 1s downsized, the proportion of the
area occupied by the inclined planes 15 and 17 with respect to
the area occupied by the through hole 14 increases, thereby
increasing the amount of reflection at the inclined planes 135
and 17 of the sound wave coming into the through hole 14
from the reverse surface side of the Si1 substrate 12 and
increasing the resistance for the sound wave (air vibration) to
pass through the through hole 14. Therefore, suificient
vibration 1s transmitted to the diaphragm 13, thereby further
lowering the sensitivity of the device as a sonic sensor.

In view of the above, 1t 1s an object of the present disclosure
to provide a diaphragm structure obtained by forming in a
s1licon substrate a through hole whose 1nner wall 1s vertical to
the substrate principal plane using an inexpensive wet etching
method, a MEMS device using such a diaphragm structure,
and a method for manufacturing the same.

The present inventors conducted various research in order
to achieve the object set forth above, and found that with a
method for forming a through hole by forming a mask film
with an opening pattern on the reverse surface of a silicon
substrate and anisotropically etching the silicon substrate
with an alkaline etchant to the front surface of the silicon
substrate, 1t 1s possible to form, 1 a silicon substrate, a
through hole with a substantially vertical inner wall by etch-
ing a silicon substrate having a (110) crystal face as the
principal plane using a mask film having a substantially
rhombic opening pattern.

The present disclosure will now be described 1n detail with
reference to FIG. 28. FIG. 28 1s a plan view showing a mask
film with opening pattern formed on the reverse surface
((110) crystal face) of the silicon substrate. In FIG. 28, the
broken line represents the <001> orientation on the substrate
reverse surface being the (110) crystal face. The openming
pattern, 1.e., the rhombic shape A, shown 1n FIG. 28 has four
sides each at an angle of about £35.3 degrees (more accu-
rately, arctan((v2)/2)) with respect to the broken line (the
<001> orientation). If the reverse surface of the silicon sub-
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strate 1s anisotropically etched with an alkaline etchant with a
mask film having such an opening pattern formed on the
reverse surface of the silicon substrate, 1.¢., the (110) crystal
face, 1t 1s possible to form a through hole whose 1nner wall
surface 1s formed by the (-111) crystal face and the (1 -1 1)
crystal face, which are vertical to the (110) crystal face.

In the present disclosure, while the longer one of the diago-
nals of the rhombic opening pattern (hereinafter referred to as
the “longer diagonal™) 1s preferably aligned with the <001>
orientation, the mner wall of the through hole can be made
substantially vertical to the substrate principal plane even 1f
there 1s an angle (error) of about £1 degree between the longer
diagonal and the <001> orientation. This 1s because since the
etching rate on a crystal face equivalent to the (110) crystal
face 1s several tens of times greater than that on a crystal face
equivalent to the (111) crystal face, the crystal face equivalent
to the (111) crystal face formed along each side of the opening,
pattern, 1.e., the substantially rhombic shape, will form the
inner wall surface of the through hole.

Specifically, a MEMS device of the present disclosure
includes: a substrate having a first principal plane and a sec-
ond principal plane opposite to the first principal plane; a
through hole formed 1n the substrate; and a vibrating film
tormed over the first principal plane so as to cover the through
hole, wherein: the first principal plane and the second princi-
pal plane are both a (110) crystal face; and the through hole
has a substantially rhombic shape on the second principal
plane.

Inthe MEMS device of the present disclosure, the substrate
may be a silicon substrate.

In the MEMS device of the present disclosure, the through
hole may define inner walls of the substrate, and the inner
walls may be substantially vertical relative to the second
principle plane. In this case, the through hole may define inner
walls of the substrate, and the inner walls may be substantially
vertical relative to the first principal pane.

In the MEMS device of the present disclosure, the vibrat-
ing film may be partially held by a holding section.

In the MEMS device of the present disclosure, it 15 pre-
terred that a first interior angle of the rhombic shape 1s 1n a
range of 70.6x3 degrees; and a second interior angle of the
rhombic shape 1s 1n a range of 109.4+3 degrees.

In the MEMS device of the present disclosure, it 15 pre-
terred that a longer diagonal of the rhombic shape 1s substan-
tially parallel to a <001> orientation on the second principal

plane being a (110) crystal face.

In the MEMS device of the present disclosure, the through
hole may have a substantially rhombic shape on the first
principal plane. In such a case, the shape of the through hole
on the first principal plane may correspond to the shape of the
through hole on the second principal plane, and the vibrating,
film may have a substantially rhombic shape.

In the MEMS device of the present disclosure, a size of the
through hole on the first principal plane may be smaller than
a s1ze of the through hole on the second principal plane.

In the MEMS device of the present disclosure, the through
hole may have a substantially hexagonal shape on the first
principal plane. In such a case, it 1s preferred that two of
corner portions of the hexagonal shape that are opposing each
other have a first interior angle 1n a range of 109.4+3 degrees;
and the other four of the comer portions of the hexagonal
shape have a second interior angle 1 a range of 125.3£3
degrees. In such a case, it 1s preferred that a side extending
between adjacent ones of the second interior angles of the
hexagonal shape 1s substantially vertical to a <001> orienta-
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tion on the first principal plane being a (110) crystal face. In
such a case, the vibrating film may have a substantially hex-
agonal shape.

In the MEMS device of the present disclosure, the silicon
substrate may have a substantially rhombic shape.

The MEMS device of the present disclosure may further
include: a fixed film formed over the vibrating film so as to
oppose the vibrating film; and an air gap interposed between
the vibrating film and the fixed film. Then, a function of a
sonic sensor can be realized by, for example, utilizing the fact
that the capacitance between the vibrating film (diaphragm
film) and the fixed film (fixed electrode film) 1s varied by the
vibration of the diaphragm film.

A method for manufacturing a MEMS device of the present
disclosure includes the steps of: (a) forming a sacrificial layer
on a first principal plane of a substrate having the first prin-
cipal plane and a second principal plane opposite to the first
principal plane; (b) forming a vibrating film over the sacrifi-
cial layer; (¢) etching the substrate from a side of the second
principal plane to thereby form a through hole 1n the sub-
strate; and (d) supplymg an etchant through the through hole,
thereby removing the sacrificial layer and expanding the
through hole from a side of the first principal plane, wherein:
the first principal plane and the second principal plane are
both a (110) crystal face; and the through hole has a substan-
tially rhombic shape on the second principal plane.

In the method for manufacturing a MEMS device of the
present disclosure, the substrate may be a silicon substrate.

In the method for manufacturing a MEMS device of the
present disclosure, the through hole may define inner walls of
the substrate, and the mner walls may be substantially vertical
relative to the second principal plane. In this case, the through
hole may define inner walls of the substrate, and the inner
walls may be substantially vertical relative to the first princi-
pal plane.

In the method for manufacturing a MEMS device of the
present disclosure, the vibration film may be partially held by
a holding section.

In the method for manufacturing a MEMS device of the
present disclosure, it 1s preferred that a first interior angle of
the rhombic shape 1s 1n a range of 70.6x3 degrees; and a
second 1nterior angle of the rhombic shape 1s 1n a range of
109.4+3 degrees.

In the method for manufacturing a MEMS device of the
present disclosure, it 1s preferred that a longer diagonal of the
rhombic shape 1s substantially parallel to a <001> orientation
on the second principal plane being a (110) crystal face.

In the method for manufacturing a MEMS device of the
present disclosure, the through hole may have a substantially
rhombic shape on the first principal plane after completion of
the step (d). In such a case, the shape of the through hole on
the first principal plane after completion of the step (d) may
correspond to the shape of the through hole on the second
principal plane after completion of the step (d), and the vibrat-
ing film may have a substantially rhombic shape.

In the method for manufacturing a MEMS device of the
present disclosure, a size of the through hole on the first
principal plane after completion of the step (d) may be smaller
than a size of the through hole on the second principal plane
alter completion of the step (d).

In the method for manufacturing a MEMS device of the
present disclosure, the through hole may have a substantially
hexagonal shape on the first principal plane after completion
of the step (d). In such a case, 1t 1s preferred that two of corner
portions of the hexagonal shape that are opposing each other
have a first interior angle 1n a range of 109.4+3 degrees; and
the other four of the corner portions of the hexagonal shape




US 8,166,327 B2

S

have a second interior angle 1n arange of 125.3+£3 degrees. In
such a case, 1t 1s preferred that a side extending between
adjacent ones of the second interior angles of the hexagonal
shape 1s substantially vertical to a <001> ornientation on the
first principal plane being a (110) crystal face. In such a case,
the vibrating film may have a substantially hexagonal shape.

In the method for manufacturing a MEMS device of the
present disclosure, the silicon substrate may have a substan-
tially rhombic shape.

The method for manufacturing a MEMS device of the
present disclosure may further include, after the step (b), a
step (e) of forming a fixed film over the vibrating film with a
sacrificial film interposed therebetween and then removing
the sacrificial film to thereby form an air gap between the
vibrating {ilm and the fixed film. Then, a function of a sonic
sensor can be realized by, for example, utilizing the fact that
the capacitance between the vibrating film (diaphragm film)
and the fixed film (fixed electrode film) 1s varied by the
vibration of the diaphragm film.

A device of the present disclosure includes: a substrate
having a first principal plane and a second principal plane
opposite to the first principal plane; and a through hole
tformed 1n the substrate; wherein: the first principal plane and
the second principal plane are both a (110) crystal face; and
the through hole has a substantially rhombic shape on the
second principal plane.

In the device of the present disclosure, the substrate may be
a silicon substrate.

In the device of the present disclosure, the through hole
may define inner walls of the substrate, and the mner walls
may be substantially vertical relative to the second principal
plane. In this case, the through hole may define inner walls of
the substrate, and the mner walls may be substantially vertical
relative to the first principal plane.

A method for manufacturing a device of the present dis-
closure includes the steps of: (a) forming a sacrificial layer on
a first principal plane of a substrate having the first principal
plane and a second principal plane opposite to the first prin-
cipal plane; (b) etching the substrate from a side of the second
principal plane to thereby form a through hole in the sub-
strate; and (c) supplymg an etchant through the through hole,
thereby removing the sacrificial layer and expanding the
through hole from a side of the first principal plane, wherein:
the first principal plane and the second principal plane are
both a (110) crystal face; and the through hole has a substan-
tially rhombic shape on the second principal plane.

In the method of manufacturing a device of the present
disclosure, the substrate may be a silicon substrate.

In the method of manufacturing a device of the present
disclosure, the through hole may define inner walls of the
substrate, and the inner walls may be substantially vertical
relative to the second principal plane. In this case, the through
hole may define inner walls of the substrate, and the inner
walls may be substantially vertical relative to the first princi-
pal plane.

According to the present disclosure, 1n a diaphragm struc-
ture used 1n various sensors, the inner wall of the through hole
can be formed vertical to the substrate principal plane. In
other words, it 1s possible to prevent the through hole in the
silicon substrate from being tapered, as in a conventional
structure disclosed 1n, for example, JP 2008-98524. Thus, 1t1s
possible to downsize the planar shape of the diaphragm struc-
ture. Since the through hole includes no tapered portions, 1t 1s
possible to eliminate the influence of the retlection of the
sound wave at such tapered portions. Moreover, since the path
for the sound wave coming in from the substrate reverse
surface side as viewed from the diaphragm (vibrating film) 1s
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not narrowed midway along the path, it 1s possible to substan-
tially reduce the resistance (air resistance) for the sound wave

(air vibration) to pass through the through hole. Thus, suili-
cient sound waves (air vibrations) are transmitted to the dia-
phragm. Therefore, if a MEMS device of the present disclo-
sure 15 used as a sonic sensor, for example, it 1s possible to
prevent a deterioration in the acoustic performance such as
lowered sensitivity.

Therelfore, according to the present disclosure, 1t 1s pos-
sible to provide a diaphragm structure obtained by forming in
a silicon substrate a through hole whose 1inner wall 1s vertical
to the substrate principal plane using an inexpensive wet
ctching method, a MEMS device using such a diaphragm
structure, and a method for manufacturing the same.

In a case where the diaphragm (vibrating film) has a hex-
agonal shape 1n the present disclosure, 1t 15 possible to sup-
press the stress localization at a diaphragm corner portion,
thereby preventing the diaphragm from being broken in the
corner portion. Thus, it 1s possible to realize a diaphragm
structure with longer lifetime and better performance, and a
MEMS device such as a sonic sensor using the same.

As described above, the present disclosure 1s directed to a
device such as a sensor using MEMS techmiques and a
method for manufacturing the same, and the present disclo-
sure 1s very useful as it 1s capable of realizing a diaphragm
structure for detecting pressure variations and a MEMS
device using the same.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A to 1P are exemplary 1llustrations each showing a
step 1n a method for manufacturing a MEMS device accord-
ing to a first embodiment of the present disclosure, wherein
FIGS. 1A, 1E, 11 and 1M are plan views, FIGS. 1B, 1F, 1J and
1IN are cross-sectional views taken along line A-A of FIGS.
1A,1E, 11 and 1M, respectively, F1IGS. 1C, 1G, 1K and 10 are
bottom views, and FIGS. 1D, 1H, 1L and 1P are cross-sec-
tional views taken along line B-B of FIGS. 1A, 1E, 11and 1M,
respectively.

FIGS. 2A to 2P are exemplary 1llustrations each showing a
step 1n the method for manufacturing a MEMS device accord-
ing to the first embodiment of the present disclosure, FIGS.
2A,2E, 21 and 2M are plan views, FIGS. 2B, 2F, 2J and 2N are
cross-sectional views taken along line A-A of FIGS. 2A, 2FE,
21 and 2M, respectively, FIGS. 2C, 2G, 2K and 20 are bottom
views, and FIGS. 2D, 2H, 2L and 2P are cross-sectional views
taken along line B-B of FIGS. 2A, 2E, 21 and 2M, respec-
tively.

FIGS. 3A to 3L are exemplary 1llustrations each showing a
step 1n the method for manufacturing a MEMS device accord-
ing to the first embodiment of the present disclosure, FIGS.
3A, 3E and 31 are plan views, FIGS. 3B, 3F and 3] are
cross-sectional views taken along line A-A of FIGS. 3A, 3E
and 31, respectively, FIGS. 3C, 3G and 3K are bottom views,
and FIGS. 3D, 3H and 3L are cross-sectional views taken
along line B-B of FIGS. 3A, 3E and 31, respectively.

FIGS. 4A to 4H are exemplary 1llustrations each showing a
step 1n the method for manufacturing a MEMS device accord-
ing to the first embodiment of the present disclosure, FIGS.
4A and 4E are plan views, FIGS. 4B and 4F are cross-sec-
tional views taken along line A-A of FIGS. 4A and 4E, respec-
tively, FIGS. 4C and 4G are bottom views, and FIGS. 4D and
4H are cross-sectional views taken along line B-B of FIGS.
4A and 4E, respectively.

FIG. 515 a perspective view showing an opening pattern for
controlling the sacrificial layer shape formed 1n a thin film on
the front surface of the silicon substrate 1n the step shown in
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FIGS. 1E to 1H, in comparison with an opening pattern
formed 1n a thin mask film on the reverse surface of the silicon
substrate in the step shown in FIGS. 2M to 2P.

FIGS. 6 A to 6P are exemplary illustrations each showing a
step 1n a method for manufacturing a MEMS device accord-
ing to a first variation of the first embodiment of the present
disclosure, FIGS. 6 A, 6E, 6] and 6M are plan views, FIGS.
6B, 6F, 6] and 6N are cross-sectional views taken along line
A-Aof FIGS. 6A, 6E, 61 and 6M, respectively, FIGS. 6C, 6G,
6K and 60 are bottom views, and FIGS. 6D, 6H, 6L and 6P
are cross-sectional views taken along line B-B of FIGS. 6 A,
6E, 61 and 6M, respectively.

FIGS. 7A to 7P are exemplary illustrations each showing a
step 1n the method for manufacturing a MEMS device accord-
ing to the first vanation of the first embodiment of the present
disclosure, FIGS. 7A, 7E, 71 and 7TM are plan views, FIGS.
7B, 7F, 71 and 7N are cross-sectional views taken along line
A-Aof FIGS.7A,7E, 7l and TM, respectively, FIGS. 7C, 7G,
7K and 70 are bottom views, and FIGS. 7D, 7H, 7L and 7P
are cross-sectional views taken along line B-B of FIGS. 7A,
7E, 71 and 7TM, respectively.

FIGS. 8A to 8L are exemplary 1llustrations each showing a
step 1n the method for manufacturing a MEMS device accord-
ing to the first variation of the first embodiment of the present
disclosure, FIGS. 8A, 8E and 81 are plan views, FIGS. 8B, 8F
and 8] are cross-sectional views taken along line A-A of
FIGS. 8A, 8E and 81, respectively, FIGS. 8C, 8G and 8K are
bottom views, and FIGS. 8D, 8H and 8L are cross-sectional
views taken along line B-B of FIGS. 8A, 8E and 81, respec-
tively.

FIGS. 9A to 9H are exemplary illustrations each showing a
step 1n the method for manufacturing a MEMS device accord-
ing to the first variation of the first embodiment of the present
disclosure, FIGS. 9A and 9E are plan views, FIGS. 9B and 9F
are cross-sectional views taken along line A-A of FIGS. 9A
and 9E, respectively, FIGS. 9C and 9G are bottom views, and
FIGS. 9D and 9H are cross-sectional views taken along line
B-B of FIGS. 9A and 9E, respectively.

FIGS. 10A to 10D are exemplary 1llustrations showing a
structure of a sonic sensor according to a second variation of
the first embodiment of the present disclosure, wherein FIG.
10A 1s a plan view, FIG. 10B 1s a cross-sectional view taken
along line A-A of FIG. 10A, FIG. 10C 1s a bottom view, and
FIG. 10D 1s a cross-sectional view taken along line B-B of
FIG. 10A.

FIGS. 11A to 11L are exemplary illustrations each show-
ing a step 1 a method for manufacturing a MEMS device
according to the second variation of the first embodiment of
the present disclosure, FIGS. 11A, 11E and 111 are plan
views, FIGS. 11B, 11F and 11J are cross-sectional views
taken along line A-A of FIGS. 11 A, 11E and 111, respectively,
FIGS. 11C, 11G and 11K are bottom views, and FIGS. 11D,
11H and 11L are cross-sectional views taken along line B-B
of FIGS. 11A, 11E and 111, respectively.

FIGS. 12A to 12L are exemplary illustrations each show-
ing a step in the method for manufacturing a MEMS device
according to the second variation of the first embodiment of
the present disclosure, FIGS. 12A, 12FE and 121 are plan
views, FIGS. 12B, 12F and 12J are cross-sectional views
taken along line A-A of FIGS.12A,12E and 121, respectively,
FIGS. 12C, 12G and 12K are bottom views, and FIGS. 12D,
12H and 12L are cross-sectional views taken along line B-B
of FIGS. 12A, 12E and 121, respectively.

FIGS. 13 A to 13H are exemplary 1llustrations each show-
ing a step 1n the method for manufacturing a MEMS device
according to the second variation of the first embodiment of
the present disclosure, FIGS. 13A and 13E are plan views,
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FIGS. 13B and 13F are cross-sectional views taken along line
A-A of FIGS.13A and 13E, respectively, FIGS. 13C and 13G
are bottom views, and FIGS. 13D and 13H are cross-sectional
views taken along line B-B of FIGS. 13A and 13E, respec-
tively.

FIGS. 14 A to 14L are exemplary 1llustrations each show-
ing a step 1n the method for manufacturing a MEMS device
according to the second variation of the first embodiment of
the present disclosure, FIGS. 14A, 14E and 141 are plan
views, FIGS. 14B, 14F and 14J are cross-sectional views
taken along line A-A of FIGS. 14 A, 14E and 141, respectively,
FIGS. 14C, 14G and 14K are bottom views, and FIGS. 14D,
14H and 14L are cross-sectional views taken along line B-B
of FIGS. 14A, 14E and 141, respectively.

FIGS. 15A to 15H are exemplary illustrations each show-
ing a step in the method for manufacturing a MEMS device
according to the second variation of the first embodiment of
the present disclosure, FIGS. 15A and 15E are plan views,
FIGS. 15B and 15F are cross-sectional views taken along line
A-A of FIGS.15A and 15E, respectively, FIGS. 15C and 15G
are bottom views, and FIGS. 15D and 15H are cross-sectional
views taken along line B-B of FIGS. 15A and 15E, respec-
tively.

FIGS. 16A to 16H are exemplary illustrations each show-
ing a step 1n the method for manufacturing a MEMS device
according to the second variation of the first embodiment of
the present disclosure, FIGS. 16A and 16E are plan views,
FIGS. 16B and 16F are cross-sectional views taken along line
A-A of FIGS. 16 A and 16E, respectively, FIGS. 16C and 16G
are bottom views, and FIGS. 16D and 16H are cross-sectional
views taken along line B-B of FIGS. 16A and 16E, respec-
tively.

FIGS. 17A to 17P are exemplary 1llustrations each showing
a step 1n a method for manufacturing a MEMS device accord-
ing to a second embodiment of the present disclosure, FIGS.
17A, 17E, 171 and 17M are plan views, F1GS. 178, 17F, 17]
and 17N are cross-sectional views taken along line A-A of
FIGS.17A,17E, 171 and 17M, respectively, FIGS. 17C, 17G,
17K and 170 are bottom views, and FIGS. 17D, 17H, 17L
and 17P are cross-sectional views taken along line B-B of
FIGS. 17A, 17E, 171 and 17M, respectively.

FIGS. 18A to 18P are exemplary 1llustrations each showing,
a step 1 the method for manufacturing a MEMS device
according to the second embodiment of the present disclo-
sure, FIGS. 18A, 18E, 181 and 18M are plan views, FIGS.
18B, 18F, 18] and 18N are cross-sectional views taken along
line A-A of FIGS. 18A, 18E, 181 and 18M, respectively,
FIGS. 18C, 18G, 18K and 180 are bottom views, and FIGS.
18D, 18H, 18L and 18P are cross-sectional views taken along
line B-B of FIGS. 18A, 18E, 181 and 18M, respectively.

FIGS. 19A to 19L are exemplary 1llustrations each show-
ing a step 1n the method for manufacturing a MEMS device
according to the second embodiment of the present disclo-
sure, FIGS. 19A, 19E and 191 are plan views, FIGS. 19B, 19F
and 19] are cross-sectional views taken along line A-A of
FIGS. 19A, 19E and 191, respectively, FIGS. 19C, 19G and
19K are bottom views, and FIGS. 19D, 19H and 19L are
cross-sectional views taken along line B-B of FIGS. 19A, 19E
and 191, respectively.

FIGS. 20A to 20H are exemplary illustrations each show-
ing a step 1n the method for manufacturing a MEMS device
according to the second embodiment of the present disclo-
sure, FIGS. 20A and 20E are plan views, FIGS. 20B and 20F
are cross-sectional views taken along line A-A of FIGS. 20A
and 20E, respectively, FIGS. 20C and 20G are bottom views,
and FIGS. 20D and 20H are cross-sectional views taken along
line B-B of FIGS. 20A and 20FE, respectively.
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FIG. 21 1s a perspective view showing an opening pattern
tor controlling the sacrificial layer shape formed 1n a thin film
on the front surface of the silicon substrate 1n the step shown
in FIGS. 17E to 17H, 1n comparison with an opening pattern
formed 1n a thin mask film on the reverse surface of the silicon
substrate in the step shown in FIGS. 18M to 18P.

FIGS. 22A to 22D are exemplary 1llustrations showing a
structure ol a sonic sensor according to a variation of the
second embodiment of the present disclosure, wherein FIG.
22 A 15 a plan view, FIG. 22B 1s a cross-sectional view taken
along line A-A of FIG. 22A, FIG. 22C 1s a bottom view, and
FIG. 22D 1s a cross-sectional view taken along line B-B of
FIG. 22A.

FIGS. 23 A to 23P are exemplary illustrations each showing,
a step 1n a method for manufacturing a MEMS device accord-
ing to the variation of the second embodiment of the present
disclosure, FIGS. 23A, 23E, 231 and 23M are plan views,
FIGS. 23B, 23F, 23J and 23N are cross-sectional views taken
along line A-A of FIGS. 23A, 23E, 231 and 23M, respectively,
FIGS. 23C, 23G, 23K and 230 are bottom views, and FIGS.
23D, 23H, 23L and 23P are cross-sectional views taken along
line B-B of FIGS. 23A, 23E, 231 and 23M, respectively.

FIGS. 24 A to 24P are exemplary illustrations each showing
a step 1 the method for manufacturing a MEMS device
according to the varnation of the second embodiment of the
present disclosure, FIGS. 24 A, 24EF, 241 and 24M are plan
views, FIGS. 24B, 24F, 24J and 24N are cross-sectional views
taken along line A-A of FIGS. 24A, 24E, 241 and 24M,
respectively, FIGS. 24C, 24G, 24K and 240 are bottom
views, and FIGS. 24D, 24H, 241 and 24P are cross-sectional
views taken along line B-B of FIGS. 24 A, 24E, 241 and 24 M,

respectively.

FIGS. 25A to 25P are exemplary illustrations each showing
a step 1in the method for manufacturing a MEMS device
according to the variation of the second embodiment of the
present disclosure, FIGS. 25A, 25E, 251 and 25M are plan
views, FIGS. 25B, 25F, 25J and 25N are cross-sectional views
taken along line A-A of FIGS. 25A, 25E, 251 and 25M,
respectively, FIGS. 25C, 253G, 25K and 250 are bottom
views, and FIGS. 25D, 25H, 251 and 25P are cross-sectional
views taken along line B-B of FIGS. 25A, 25E, 251 and 25M,

respectively.

FIGS. 26 A to 261 are exemplary illustrations each show-
ing a step 1n the method for manufacturing a MEMS device
according to the variation of the second embodiment of the
present disclosure, FIGS. 26 A, 26E and 261 are plan views,

FIGS. 268, 26F and 261 are cross-sectional views taken along
line A-A of FIGS. 26 A, 26FE and 261, respectively, FIGS. 26C,

26G and 26K are bottom views, and FIGS. 26D, 26H and 26L.
are cross-sectional views taken along line B-B of FIGS. 26 A,
26F and 261, respectively.

FIGS. 27A and 27B are a plan view and a cross-sectional
view, respectively, showing a conventional diaphragm struc-
ture disclosed 1n JP 2008-98524.

FI1G. 28 1s a plan view showing an opening pattern formed
using a mask film on the reverse surface ((110) crystal face) of
the silicon substrate 1n accordance with the present disclo-
sure.

DETAILED DESCRIPTION OF THE INVENTION

First Embodiment

A MEMS device according to a first embodiment of the
present disclosure, more specifically a MEMS device having,
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a diaphragm structure used 1n various sensors, and a method
for manufacturing the same will be described with reference
to the drawings.

FIGS. 1A to 1P, 2A to 2P, 3A to 3L and 4A to 4H are
exemplary 1llustrations each showing a step in a method for
manufacturing a MEMS device of the present embodiment.
FIGS. 1A, 1E, 11, 1M, 2A, 2E, 21, 2M, 3A, 3E, 31, 4A and 4F
are plan views, FIGS. 1B, 1F, 1], 1N, 2B, 2F, 2], 2N, 3B, 3F,
31, 4B and 4F are cross-sectional views taken along line A-A
of FIGS. 1A, 1E, 11, 1M, 2A, 2E, 21, 2M, 3A, 3E, 31, 4A and
4E, respectively, FIGS. 1C, 1G, 1K, 10, 2C, 2G, 2K, 20, 3C,
3G, 3K, 4C and 4G are bottom views, and FIGS. 1D, 1H, 1L,
1P, 2D, 2H, 21, 2P, 3D, 3H, 3L, 4D and 4H are cross-sectional
views taken along line B-B of FIGS. 1A, 1E, 11, 1M, 2A, 2E,
21, 2M, 3A, 3E, 31, 4A and 4E, respectively.

First, as shown 1n FIGS. 1A to 1D, there 1s provided a
substantially rhombic silicon substrate 101 having a (110)
crystal face as the front surface (first principal plane) and the
reverse surface (second principal plane).

Then, as shown 1in FIGS. 1F to 1H, a thin film 102 1s
formed, for example, by a CVD (chemical vapor deposition)
method, on the front surface and the reverse surface of the
s1licon substrate 101. The thin film 102 1s formed of a material
that 1s not easily etched by an alkaline etchant with which the
s1licon substrate 101 1s anisotropically etched. The thin film
102 may comprise, for example, but not limited to a silicon
oxide film, a silicon nitride film, or the like. The thickness of
the thin film 102 1s, for example, about 50 to 500 nm.

Then, an opening pattern for controlling the sacrificial
layer shape 1s formed in the thin film 102 on the front surface
of the silicon substrate 101 using a photolithography method
and an etching method. The opening pattern has a substan-
tially rhombic shape that 1s smaller than that of the silicon
substrate 101, wherein 1n the preferred embodiment the first
interior angle of the rhombic shape 1s 1n a range of 70.6x1
degrees and the second interior angle thereot 1s in a range of
109.4+1 degrees. However, 1n the case where a slight degra-
dation 1n performance 1s allowed, it 1s possible to increase the
first 1interior angle up to 70.6+5 degrees, and to increase the
second 1nterior angle up to 109.4+5 degrees. It 1s also noted
that the longer diagonal of the rhombic shape 1s substantially
parallel to the <001> orientation on the front surface of the
silicon substrate 101 being the (110) crystal face. In the
present embodiment, the eventual size of the diaphragm (vi-
brating film) 1s dictated by the size of the rhombic openming
pattern.

Then, as shown 1n FIGS. 11to 1L, a sacrificial silicon layer
103 1s formed on the front surface and the reverse surface of
the silicon substrate 101. The material of the sacrificial silicon
layer 103 may be, but not limited to, polysilicon, amorphous
s1licon, or the like, which are 1sotropically etched by an alka-
line etchant. The sacrificial silicon layer 103 on the front
surface of the silicon substrate 101 1s formed only within the
opening oi the thin film 102. Specifically, a polysilicon film or
an amorphous silicon film 1s deposited as the sacrificial sili-
con layer 103 by, for example, but not limited to, a CVD
method, on the front surface of the silicon substrate 101 on
which the thin film 102 having a substantially rhombic open-
ing has been formed, and then a photolithography method and
a dry etching method are used so as to leave the sacrificial
silicon layer 103 selectively within the opening of the thin
f1lm 102, thus forming the sacrificial silicon layer 103 only
within the opening of the thin film 102 on the front surface of
the silicon substrate 101.

Then, as shown 1n FIGS. 1M to 1P, an interlayer film 104 1s
tormed by, for example, but not limited to, a CVD method, on
the front surface and the reverse surface of the silicon sub-
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strate 101. The mterlayer film 104 1s a {ilm of a matenal that
1s not easily etched by an alkaline etchant, such as, for
example, a silicon oxide {ilm, a si1licon nitride film, or the like.

Then, as shown i FIGS. 2A to 2D, a diaphragm film
(vibrating {ilm) 105 1s formed on the interlayer film 104 on the
front surface and the reverse surface of the silicon substrate
101. On the front surface of the silicon substrate 101, a pho-
tolithography method and an etching method are used to form
the diaphragm film 105 into a rhombic shape that 1s smaller
than the silicon substrate 101 and larger than the opeming
pattern of the thin film 102 (i.e., the sacrificial silicon layer
103 on the front surface of the silicon substrate 101). In the
present embodiment, 1n order for the diaphragm film 103 to
function as a vibrating electrode, the diaphragm film 103 1s
formed by a single-layer film of a conductive matenal, e.g., a
polysilicon film or a metal film such as an aluminum film, or
a multi-layer film of a conductive film and an 1nsulative film.

Then, as shown 1 FIGS. 2E to 2H, a protection film 106 1s

formed by, for example, but not limited to, a CVD method,
entirely across the front surface and the reverse surface of the
silicon substrate 101. The protection film 106 1s a film of a
material that 1s not easily etched by an alkaline etchant, e.g.,
a silicon oxide film, a silicon nitride film, or the like.

Then, as shown 1n FIGS. 21 to 2L, the various thin films
deposited on the reverse surface of the silicon substrate 101
are removed so as to expose the reverse surface of the silicon
substrate 101. Specifically, the multi-layer film 1including the
various thin films deposited on the reverse surface of the
silicon substrate 101 1s removed by wet-etching the multi-
layer film one layer at a time using a different etchant each
time, such as, hydrogen fluoride or phosphoric acid depend-
ing on the film material being etched, while protecting the
front surface side of the silicon substrate 101 with a resist or
a silicon oxide film. Alternatively, the multi-layer film on the
reverse surface of the silicon substrate 101 may be polished
away all at once using a back grinder.

Then, as shown 1n FIGS. 2M to 2P, a thin mask film 107 1s
tformed on the front surface and the reverse surface of the
s1licon substrate 101. The thin mask film 107 1s a film of a
material that 1s not easily etched by an alkaline etchant with
which the silicon substrate 101 1s anisotropically etched, e.g.,
a s1licon oxide film, a silicon nitride film, or the like. Then, on
the reverse surface of the silicon substrate 101, a photolithog-
raphy method and an etching method are used so as to form a
substantially rhombic opening in the thin mask film 107 to
thereby provide an exposed surface 1n the bottom surface
(reverse surface) of the silicon substrate 101, from where
etching can be started.

FI1G. 5 15 a perspective view showing an opening pattern for
controlling the sacrificial layer shape formed in the thin film
102 on the front surface of the silicon substrate 101 1n the step
shown 1 FIGS. 1E to 1H, 1n comparison with an opening
pattern formed in the thin mask film 107 on the reverse
surface of the silicon substrate 101 in the step shown 1n FIGS.
2M to 2P. As shown 1n FIG. 5, 1n the present embodiment, a
substantially rhombic opening pattern, which has substan-
tially the same sizes as the opening pattern for controlling the
sacrificial layer shape formed 1n the thin film 102 on the
substrate front surface, 1s formed at substantially the same
plan position (XY position) in the thin mask film 107 on the
substrate reverse surface. In view of the expansion and the
variation from the opening pattern in the process of etching,
the silicon substrate 101 to be described later, an opening,
pattern of a substantially rhombic shape that 1s similar to and
smaller than that of the opening pattern for controlling the
sacrificial layer shape formed 1n the thin film 102 on the
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substrate front surface may be formed at substantially the
same plan position (XY position) in the thin mask film 107 on
the substrate reverse surface.

Then, as shown 1n FIGS. 3A to 3D, the portion of the
reverse surface of the silicon substrate 101 being exposed
through the opening pattern of the thin mask film 107 1s
ctched with an alkaline etchant, for example, but not limited
to, KOH (potassium hydroxide) or TMAH (tetramethylam-
monium hydroxide), thereby forming a through hole 110 1n
the silicon substrate 101. Since the etching rate on a crystal
face equivalent to the S1 (110) crystal face 1s several tens of
times greater than that on a crystal face equivalent to the S1
(111) crystal face, the etching proceeds while exposing the
crystal face equivalent to the S1(111) crystal face on the inner
wall of the through hole 110. As a result, on the cross section
shown 1n FIG. 3B (1n other words, on the cross section along
the longer diagonal of the opening pattern, 1.e., the rhombic
pattern, of the thin mask film 107), there 1s formed an inclined
plane 108 being a crystal face equivalent to the S1 (111)
crystal face having an angle of 35.3 degrees with respect to
the front surface of the silicon substrate 101 (the S1 (110)
crystal face). On the cross section shown in FIG. 3D (1n other
words, on the cross section along the shorter diagonal of the
opening pattern, 1.e., the rhombic pattern, of the thin mask
film 107), there 1s formed a vertical plane 109 being a crystal
face equivalent to the S1(111) crystal face vertical to the front
surface of the silicon substrate 101 (the S1 (110) crystal face).
When the through hole 110 runs completely through the
s1licon substrate 101 as the etching proceeds, the portion of
the sacrificial silicon layer 103 1s exposed 1n a slit pattern
along the shorter diagonal described above in the through
hole 110 as shown 1n FI1G. 3C.

Then, when the through hole 110 runs completely through
the silicon substrate 101 as described above, the etchant
reaches the sacrificial silicon layer 103 on the substrate front
surface through the through hole 110 as shown in FIGS. 3E to
3H. Thus, the sacrificial silicon layer 103 1s isotropically
etched more quickly than single-crystal S1 so as to be com-
pletely removed.

Then, when the sacrificial silicon layer 103 1s completely
removed by etching as described above, the silicon substrate
101 starts to be etched also from the front surtace thereof,
whereby the through hole 110 gradually expands from the
substrate front surface as shown 1n FIGS. 31 to 3L.

When the etching of the silicon substrate 101 further pro-
ceeds, the vertical plane 109 being a crystal face equivalent to
the S1(111) crystal face 1s eventually formed as the inner wall
of the through hole 110 along the four sides of the opening
pattern, 1.e., the rhombic pattern 1n the thin mask film 107 on
the substrate reverse surface as shown 1n FIGS. 4A to 4D. In
other words, the substantially rhombic shape of the opening
in the thin film 102, in which the sacrificial silicon layer 103
was present, becomes the planar shape of the through hole
110 on the substrate front surface. Therefore, 1n the present
embodiment, the planar shape of the through hole 110 on the
substrate front surface 1s similar to that on the substrate
reverse suriace.

Then, as shown 1n FIGS. 4E to 4H, the thin film 102, the
interlayer film 104, the protection film 106 and the thin mask
f1lm 107 are etched away with an etchant such as, for example,
hydrogen fluoride, to thereby expose the diaphragm film 105.
In this process, the thin film 102 and the mterlayer film 104
are partially left as a diaphragm holding section 111 for
holding the diaphragm film 105 over the front surface of the
silicon substrate 101.

The first embodiment as described above provides a dia-
phragm structure used 1n various sensors, wherein the inner
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wall of the through hole 110 can be formed vertical to the
substrate principal plane. In other words, 1t 1s possible to
prevent the through hole 110 1n the silicon substrate 101 from
being tapered, as 1n the conventional structures. Thus, 1t 1s
possible to downsize the planar shape of the diaphragm struc-
ture. It 1s also possible to suppress the lowering of the chip
strength while ensuring a suificient volume of the through
hole 110 of the silicon substrate 101. Since the through hole
110 does not include tapered portions, it 1s possible to elimi-
nate the imfluence of the reflection of the sound wave at such
tapered portions. Moreover, since the path for the sound wave
coming in from the substrate reverse surface side as viewed
from the diaphragm film 105 1s not narrowed midway along
the path, 1t 1s possible to substantially minimize the resistance
(air resistance) for the sound wave (air vibration) to pass
through the through hole 110. Thus, suificient vibration 1s
transmitted to the diaphragm film 105. Therefore, 11a MEMS
device of the present embodiment 1s used as a sonic sensor, for
example, 1t 1s possible to prevent a deterioration in the acous-
tic performance such as lowered sensitivity.

Theretfore, according to the first embodiment, 1t 1s possible
to provide a diaphragm structure in which the inner wall of the
through hole 110 1n the silicon substrate 101 1s substantially
entirely the vertical plane 109 using an inexpensive wet etch-
ing method. It 1s therefore also possible to provide a MEMS
device using such a diaphragm structure, and a method for
manufacturing the same.

The positional relationship between the opening pattern of
the thin film 102 on the substrate front surface and the open-
ing pattern of the thin mask film 107 on the substrate reverse
surface according to the first embodiment will now be
described. The opening pattern of the thin film 102 serves to
determine the size of the diaphragm (the size of a portion of
the diaphragm film 105 that substantially functions as a dia-
phragm (a portion that overlaps the through hole 110)) after
removing the sacrificial silicon layer 103 to be formed within
the opening pattern. In a case where the diaphragm structure
1s used as a sonic sensor, the planar shape of the through hole
110 preferably coincides with the shape of the diaphragm.
However, in view of the alignment precision between the
pattern on the substrate front surface and the pattern on the
substrate reverse surface, it 1s practically preferred that the
opening area of the opening pattern of the thin mask film 107
on the substrate reverse surface (the pattern defining the pla-
nar shape of the through hole 110) 1s designed to be about 5%
smaller than that of the opening pattern of the thin film 102 on
the substrate front surface. Even then, the size of the through
hole 110 on the substrate front surface 1s about the same as the
s1ze of the through hole 110 on the substrate reverse surface.
Therefore, 1t 1s sullicient that the opening pattern of the thin
mask {ilm 107 on the substrate reverse surface 1s aligned with
the opening pattern of the thin film 102 on the substrate front
surface with such a positional precision that the through hole
110 1s formed within the opening pattern of the thin film 102
on the substrate front surface 1n the through hole formation
process. If there 1s a misalignment between the opening pat-
terns, there will be steps on the mner wall of the through hole
110 due to the difference between the progress of etching
from the substrate reverse surface side and that from the
substrate front surface side. Therefore, 1t 1s necessary to deter-
mine the acceptable range of such misalignment 1 view of
the size of the through hole 110, the required performance of
the diaphragm, etc. An acceptable range of misalignment 1s
typically on the order of 10 um or less.

Next, the positional relationship between the crystal orien-
tation of the silicon substrate 101 and the opening pattern of
the thin mask film 107 on the substrate reverse surface accord-
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ing to the first embodiment will be described. In the first
embodiment, 1t 1s 1n principle preferred that the longer diago-
nal of the opening pattern, 1.e., the rhombic pattern of the thin
mask film 107 1s parallel to the <001> orientation on the
reverse surface of the silicon substrate 101 (second principal
plane) being the (110) crystal face. In practice, however, even
if there 1s a slight error (a slight angle) between the longer
diagonal and the <001> ornientation, the angle of the inner
wall surface of the through hole 110 with respect to the
substrate principal plane becomes close to 90 degrees (1.e.,
vertical) as compared with a conventional structure disclosed
in JP 2008-98524. For example, 1f there 1s an error of about =1
degree between the longer diagonal and the <001> orienta-
tion, etching does not proceed in the direction vertical to the
substrate principal plane at the start of the etching of the
s1licon substrate 101, as such there will be a small overhang or
a gentle slope region at the substrate front surface side after
the formation of the through hole 110. Nevertheless, the inner
wall of the through hole 110 1s substantially entirely formed
by a crystal face equivalent to the (111) crystal face that 1s
substantially vertical to the substrate principal plane.

Thus, 1n the present embodiment, since the through hole
110 1s formed by utilizing the large etching rate difference
occurring due to the crystal orientation of silicon, the inner
wall surface of the obtained through hole 110 1s a crystal face
equivalentto the (111) crystal face substantially vertical to the
principal plane of the silicon substrate 101 being the (110)
crystal face. In practice, however, the ratio between the etch-
ing rate on the (110) crystal face and that on the (111) crystal
face 1s not infinitely large. Therefore, the mner wall of the
through hole 110 has an inclination of about 89 to 91 degrees
with respect to the substrate principal plane. However, as
compared with the angle of the inner wall of the through hole
with respect to the substrate principal plane being about 35.3
degrees 1n a conventional structure disclosed mn JP 2008-
98524, the area occupied by the inclined plane occurring on
the inner wall surface of the through hole 110 of the present
embodiment 1s very small.

While the planar shape of the through hole 110 on the
substrate front surface, the planar shape of the through hole
110 on the substrate reverse surface, the shape of the vibrating
film 105 and the shape of the silicon substrate 101 are rhom-
bic 1n the first embodiment, the rhombic shape may have a
slightly rounded corner portion depending on the processing
precision (1.e., such slight corner rounding can result from
standard processing techniques, and the reference to a “sub-
stantially rhombic” shape as utilized herein 1s mntended to
include a rhombic structure exhibiting such corner rounding
as well as a rhombic structure with no corner rounding).

While the silicon substrate 101 having a (110) crystal face
as the principal plane 1s used 1n the first embodiment, it 1s
possible to obtain similar effects to those of the present
embodiment even when using a silicon substrate whose prin-
cipal plane 1s inclined from the (110) crystal face by about =1
degree due to an error in the silicon wafer manufacturing
pProcess.

Moreover, 1n the first embodiment, the shape of the silicon
substrate 101, 1.e., the chip shape, 1s a substantially rhombic
shape that 1s similar to the shape of the diaphragm film 105.
Theretfore, 1t 1s possible to employ a conventional dicing
technique for cutting a water into a large number of chips, and
the present disclosure can therefore be used without develop-
ing new techniques or making investment on plant and equip-
ment. For example, a waler with many rhombic chips formed
therein may be 1rradiated with a laser beam along the dicing
line, after which each rhombic chip can be separated by a
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cleavage operation. Then, 1t 1s possible to reduce the damage
to the MEMS chips as compared with blade dicing.

The first embodiment uses a film deposition apparatus of
the type 1n which the water 1s placed 1n a vertical position,
wherein a film 1s deposited 1n each film deposition step on the
front surface and the reverse surface of the silicon substrate
101.

Alternatively, the present disclosure may use a film depo-
sition apparatus of the type 1n which the water 1s placed 1n a
horizontal position, wherein a film 1s deposited only on the

front surface of the silicon substrate 101 1n film deposition
steps other than that for the thin mask film 107.

First Vaniation of First Embodiment

A MEMS device according to a first variation of the first
embodiment of the present disclosure, more specifically a
MEMS device having a diaphragm structure used 1n various
sensors, and a method for manufacturing the same will now
be described with reference to the drawings.

FIGS. 6A to 6P, 7A to 7P, 8A to 8L and 9A to 9H are
exemplary 1llustrations each showing a step in a method for
manufacturing a MEMS device of the present variation.

FIGS. 6A, 6E, 61, 6M, 7A, 7TE, 71, 7TM, 8A, 8E, 81, 9A and 9E
are plan views, FIGS. 6B, 6F, 61, 6N, 7B, 7F, 7], TN, 8B, 8F,

81, 9B and 9F are cross- sectlonal VIEWS taken along line A-A
of FIGS. 6A, 6E, 61, 6M, 7A, 7E, 71, 7TM, 8A, 8E, 81, 9A and
OFE, respectively, FIGS. 6C, 6G, 6K, 60, 7C, 7G, 7K, 70, 8C,
8G, 8K, 9C and 9G are bottom views, and FIGS. 6D, 6H, 6L,
6P, 7D, 7H, 7L, 7P, 8D, 8H, 8L, 9D and 9H are cross-sectional
views taken along line B-B of FIGS. 6 A, 6E, 61, 6M, 7A, 7TE,
71, TM, 8A, 8E, 81, 9A and 9E, respectively. In FIGS. 6A to
6P, 7A to 7P, 8A to 8L and 9A to 9H, like elements to those of
the first embodiment shown 1in FIGS. 1A to 1P, 2A to 2P, 3A
to 3L and 4A to 4H are denoted by like reference numerals
and will not be further described below.

In the present variation, first, as shown 1n FIGS. 6 A to 6D,
there 1s provided the rhombic silicon substrate 101 having a
(110) crystal face as the front surface (first principal plane)
and the reverse surface (second principal plane), as 1n the step
shown 1n FIGS. 1A to 1D of the first embodiment. Then, as
shown 1n FIGS. 6E to 6H, the thin film 102 1s formed on the
front surface and the reverse surface of the silicon substrate
101, and then an opening pattern for controlling the sacrificial
layer shape 1s formed 1n the thin film 102 on the front surface
of the silicon substrate 101, as in the step shown 1n FIGS. 1E
to 1H of the first embodlment

Then, as shown 1n FIGS. 61 to 6L, the sacrificial silicon
layer 103 1s formed on the front surface and the reverse
surface of the silicon substrate 101. The material of the sac-
rificial silicon layer 103 may be, for example, polysilicon,
amorphous silicon, or the like, which are 1sotropically etched
by an alkaline etchant. In the present variation, as opposed to
the first embodiment, the sacrificial silicon layer 103 1s
formed not only within the opening of the thin film 102 but
also on the thin film 102 around the opening on the front side
ol the silicon substrate 101. Specifically, a polysilicon film or
an amorphous silicon film 1s deposited as the sacrificial sili-
con layer 103 by, for example, a CVD method, on the front
surtace of the silicon substrate 101 on which the thin film 102
having a substantially rhombic opening has been formed, and
then the sacrificial silicon layer 103 1s patterned by a photo-
lithography method and a dry etching method 1nto a rhombic
shape that 1s similar to and larger than the rhombic shape of
the opening of the thin film 102 so as to cover the opeming. In
this process, predetermined portions of the sacrificial silicon
layer 103 formed on the thin film 102 are removed so as to
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form 1n advance depressed portions (depressions for forming
the diaphragm holding section) 111 A eventually to be the
diaphragm holding section 111 (see FIGS. 9E to 9H). In the
present variation, there are formed four circular-shaped
depressions 111 A for forming the diaphragm holding section

at the corner portions of the rhombic sacrificial silicon layer
103.

Then, as shown 1n FIGS. 6M to 6P, the interlayer film 104
1s formed on the front surface and the reverse surface of the
s1licon substrate 101, as 1n the step shown 1n FIGS. 1M to 1P
of the first embodiment.

Then, as shown 1n FIGS. 7A to 7D, the diaphragm {ilm
(vibrating {ilm) 105 1s formed on the interlayer film 104 on the
front surface and the reverse surface of the silicon substrate
101, as in the step shown in FIGS. 2A to 2D of the first
embodiment. On the front surface of the silicon substrate 101,
a photolithography method and an etching method are used to
form the diaphragm film 105 into a rhombic shape that i1s
smaller than the silicon substrate 101 and larger than the
opening pattern of the thin film 102 and the sacrificial silicon
layer 103. Thus, in the present varniation, the diaphragm film
105 1s formed so as to overlap the depressions 11 A for form-
ing the diaphragm holding section provided in the sacrificial
silicon layer 103.

Then, as shown 1n FIGS. 7E to 7H, the protection film 106
1s formed entirely across the front surface and the reverse

surface of the silicon substrate 101, as 1n the step shown 1n
FIGS. 2E to 2H of the first embodiment.

Then, as shown 1n FIGS. 71 to 7L, the various thin films
deposited on the reverse surface of the silicon substrate 101
are removed so as to expose the reverse surface of the silicon
substrate 101, as in the step shown in FIGS. 21to 2L of the first
embodiment.

Then, as shown 1n FIGS. 7TM to 7P, the thin mask film 107
1s formed on the front surface and the reverse surface of the
s1licon substrate 101, as 1n the step shown 1n FIGS. 2M to 2P
of the first embodiment. Then, on the reverse surface of the
s1licon substrate 101, a photolithography method and an etch-
ing method are used so as to form a substantially rhombic
opening in the thin mask film 107.

Then, as shown in FIGS. 8A to 8D, the portion of the
reverse surface of the silicon substrate 101 being exposed
through the opening pattern of the thin mask film 107 1s
ctched with an alkaline etchant such as, for example, KOH or
TMAH, thereby forming a through hole 110 1n the silicon
substrate 101, as 1n the step shown 1 FIGS. 3A to 3D of the
first embodiment. Since the etching rate on a crystal face
equivalent to the S1 (110) crystal face 1s several tens of times
greater than that on a crystal face equivalent to the S1 (111)
crystal face, the etching proceeds while exposing the crystal
face equivalent to the S1(111) crystal face on the inner wall of
the through hole 110. As a result, on the cross section shown
in FIG. 8B (1n other words, on the cross section along the
longer diagonal of the opening pattern, 1.¢., the rhombic pat-
tern, of the thin mask film 107), there 1s formed the inclined
plane 108 being a crystal face equivalent to the S1 (111)
crystal face having an angle of 35.3 degrees with respect to
the front surface of the silicon substrate 101 (the S1 (110)
crystal face). On the cross section shown in FIG. 8D (1n other
words, on the cross section along the shorter diagonal of the
opening pattern, 1.e., the rhombic pattern, of the thin mask
film 107), there 1s formed the vertical plane 109 being a
crystal face equivalent to the S1 (111) crystal face vertical to
the front surface of the silicon substrate 101 (the S1 (110)
crystal face). When the through hole 110 runs completely
through the silicon substrate 101 as the etching proceeds, the
portion of the sacrificial silicon layer 103 1s exposed 1n a slit
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pattern along the shorter diagonal described above in the
through hole 110 as shown 1n FIG. 8C.

Then, when the through hole 110 runs completely through
the silicon substrate 101 as described above, the etchant
reaches the sacrificial silicon layer 103 on the substrate front 5
surface through the through hole 110 as shown in FIGS. 8E to
8H, as in the step shown i FIGS. 3E to 3H of the first
embodiment. Thus, the sacrificial silicon layer 103 1s 1sotro-
pically etched more quickly than single-crystal S1.so as to be
completely removed. 10

Then, when the sacrificial silicon layer 103 1s completely
removed by etching as described above, the silicon substrate
101 starts to be etched also from the front surface side thereof,
whereby the through hole 110 gradually expands from the
substrate front surface side as shown in FIGS. 81 to 8L, as1in 15
the step shown 1n FIGS. 31 to 3L of the first embodiment.

When the etching of the silicon substrate 101 further pro-
ceeds, the vertical plane 109 being a crystal face equivalent to
the S1(111) crystal face 1s eventually formed as the inner wall
of the through hole 110 along the four sides of the opening 20
pattern, 1.e., the rhombic pattern 1n the thin mask film 107 on
the substrate reverse surface as shown in FIGS. 9A to 9D, as
in the step shown 1n FIGS. 4A to 4D of the first embodiment.

In other words, the substantially rhombic shape of the open-
ing in the thin film 102, in which the sacrificial silicon layer 25
103 was present, becomes the planar shape of the through
hole 110 on the substrate front surface.

Then, as shown 1n FIGS. 9E to 9H, the thin film 102, the
interlayer film 104, the protection film 106 and the thin mask
{1lm 107 are etched away with an etchant such as, for example, 30
hydrogen fluoride, to thereby expose the diaphragm film 105,
as 1n the step shown 1n FIGS. 4E to 4H of the first embodi-
ment. In this process, etching 1s controlled so that the inter-
layer film 104 buried 1n the depression 111 A for forming the
diaphragm holding section provided 1n the sacrificial silicon 35
layer 103 (including the interlayer film 104 above the depres-
sion 111A) and the thin film 102 below the depression 111A
are left as the diaphragm holding section 111, thereby holding
predetermined portions of the diaphragm film 1035 over the
front surface of the silicon substrate 101. 40

According to the present variation, it 1s possible to obtain
the following effect, in addition to effects similar to those of
the first embodiment. That 1s, by holding only specific por-
tions of the diaphragm film 105, instead of holding the entire
periphery thereol, over the front surface of the silicon sub- 45
strate 101, 1t 1s possible to reduce the force of holding the
diaphragm film 105. Then, the diaphragm film 105 1s more
casily deformed by the application of a pressure thereto, thus

improving the vibrating performance of the diaphragm film
105. 50

Second Variation of First Embodiment

A MEMS device according to a second varation of the first
embodiment of the present disclosure, more specifically a 55
sonic sensor having a diaphragm structure, and a method for
manufacturing the same will be described with reference to
the drawings. Thus, the present variation 1s directed to a sonic
sensor using a diaphragm structure according to the first
embodiment (including the first variation thereof). 60

FIGS. 10A to 10D are exemplary 1llustrations showing a
structure of the sonic sensor of the present variation. FIG.
10A 1s a plan view showing the sonic sensor of the present
variation, FIG. 10B 1s a cross-sectional view taken along line
A-A of FIG. 10A, FIG. 10C 1s a bottom view showing the 65
sonic sensor of the present varniation, and FIG. 10D 1s a
cross-sectional view taken along line B-B of FIG. 10A. In
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FIGS. 10A to 10D, like elements to those of the first embodi-
ment shown 1n FIGS. 1A to 1P, 2A to 2P, 3A to 3L and 4A to
4H are denoted by like reference numerals and will not be
further described below.

As shown 1n FIGS. 10A to 10D, the sonic sensor of the
present variation has a diaphragm structure of the first
embodiment, 1.e., a structure 1n which the diaphragm film
(vibrating electrode film) 103 1s held by the diaphragm hold-
ing section 111 over the front surface of the silicon substrate
101, and the sonic sensor further includes a fixed film (fixed
clectrode film) 113 formed over the vibrating electrode film
105 so as to oppose the vibrating electrode film 105, and an air
gap 118 interposed between the vibrating electrode film 105
and the fixed electrode film 113. Thus, the vibrating electrode
film 105 and the fixed electrode film 113 together form a
condenser, thereby realizing a sonic sensor function.

The fixed electrode film 113 15 held by a spacer 117 over the
front surface of the silicon substrate 101. A plurality of acous-
tic holes 114 are formed so as to run through the fixed elec-
trode film 113. Moreover, for the exchange of signals between
the sonic sensor of the present variation and the outside, a
vibrating electrode pad 115 to be electrically connected to the
vibrating electrode film 105 and a fixed electrode pad 116 to
be electrically connected to the fixed electrode film 113 are
provided over the front surface of the silicon substrate 101
outside the area where the fixed electrode film 113 1s pro-
vided.

A method for manufacturing the sonic sensor of the present
variation shown in FIGS. 10A to 10D will now be described.

FIGS. 11A to 11L, 12A to 121, 13A to 13H, 14A to 14L,
15A to 15H and 16 A to 16H are exemplary 1llustrations each
showing a step in a method for manufacturing the sonic
sensor of the present variation. FIGS. 11A, 11E, 111, 12A,
12E, 121, 13A, 13E, 14A, 14E, 141, 15A, 15E, 16A and 16E
are plan views, FIGS. 11B, 11F, 11J, 12B, 12F, 12],13B, 13F,
148, 14F, 14]J, 15B, 135F, 16B and 16F are cross-sectional
views taken along line A-A of FIGS. 11A, 11E, 111, 12A,
12E, 121, 13A, 13E, 14A, 14E, 141, 15A, 15E, 16 A and 16E,
respectively, FIGS. 11C, 11G, 11K, 12C, 12G, 12K, 13C,
13G, 14C, 14G, 14K, 15C, 15G, 16C and 16G are bottom
views, and FIGS. 11D, 11H, 11L, 12D, 12H, 121, 13D, 13H,
14D, 14H, 14L., 15D, 15H, 16D and 16H are cross-sectional
views taken along line B-B of FIGS. 11 A, 11E, 111, 12A,12
121, 13A, 13E, 14A, 14E, 141, 15A, 15E, 16A and 16.
respectively. In FIGS. 11A to 111, 12A to 121, 13A to 13H,
14A to 141, 15A to 15H and 16A to 16H, like elements to
those of the first embodiment shown in FIGS. 1A to 1P, 2A to
2P, 3A to 3L and 4A to 4H or to those of the first variation of
the first embodiment shown 1n FIGS. 6 A to 6P, 7A to 7P, 8A
to 8L and 9A to 9H are denoted by like reference numerals
and will not be further described below.

In the present variation, first, as shown 1n FIGS. 11A to
11D, there 1s provided the rhombic silicon substrate 101
having a (110) crystal face as the front surface (first principal
plane) and the reverse surtace (second principal plane), as in
the step shown 1n FIGS. 1A to 1D of the first embodiment.
Then, as shown 1n FIGS. 11E to 11H, the thin film 102 1s
formed on the front surface and the reverse surface of the
s1licon substrate 101, and then a substantially rhombic open-
ing pattern for controlling the sacrificial layer shape 1s formed
in the thin film 102 on the front surface of the silicon substrate
101, as in the step shown 1 FIGS. 1E to 1H of the first
embodiment.

Then, as shown 1n FIGS. 111 to 11L, the sacrificial silicon
layer 103 1s formed on the front surface and the reverse
surface of the silicon substrate 101, as in the step shown 1n
FIGS. 61 to 6L of the first variation of the first embodiment.

pslies
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On the front surface of the silicon substrate 101, the sacrificial
silicon layer 103 1s patterned into a substantially rhombic
shape that 1s similar to and larger than the rhombic shape of
the opening of the thin film 102 so as to cover the opening,
while predetermined portions of the sacrificial silicon layer
103 formed on the thin film 102 are removed so as to form 1n
advance the depressed portions (depressions for forming the
diaphragm holding section) 111A eventually to be the dia-
phragm holding section 111 (see FIGS. 16E to 16H).

Then, as shown 1 FIGS. 12A to 12D, the interlayer film
104 1s formed on the front surface and the reverse surface of
the silicon substrate 101, as in the step shown in FIGS. 1M to
1P of the first embodiment.

Then, as shown 1n FIGS. 12F to 12H, the diaphragm film
(vibrating electrode film) 105 1s formed on the interlayer film
104 on the front surface and the reverse surface of the silicon
substrate 101, as 1n the step shown 1 FIGS. 7A to 7D of the
first variation of the first embodiment. On the front surface of
the silicon substrate 101, the diaphragm film 105 1s formed so
as to overlap the depressions 111 A for forming the diaphragm
holding section provided 1n the sacrificial silicon layer 103,
and there 1s provided the vibrating electrode pad 115 to be
clectrically connected to the diaphragm film 105.

Then, as shown 1n FIGS. 121 to 121, a sacrificial film 112
1s formed over the front surface of the silicon substrate 101 so
as to cover the diaphragm film 103. The sacrificial {ilm 112 1s
eventually etched away to thereby form an air gap necessary
for the condenser structure (the air gap 118 shown in FIGS.
16E to 16H). In view of this, the thickness of the sacrificial
film 112 1s set to a desired air gap height, e.g., 4 um, 1n the
present variation. Moreover, in the formation of the air gap, it
1s preferred that the sacrificial film 112 1s etched away simul-
taneously with the thin film 102 and the interlayer film 104. In
view o1 this, a silicon oxide film 1s used for the sacrificial film
112, as 1s for the thin film 102 and the interlayer film 104, 1n
the present variation.

Then, as shown in FIGS. 13A to 13D, on the sacrificial film
112, the fixed electrode film 113 1s formed so as to oppose the
diaphragm film 105 while forming the fixed electrode pad 116
to be electrically connected to the fixed electrode film 113. In
this process, the acoustic holes 114 are also formed so as to
run through the fixed electrode film 113. In order for the fixed
electrode film 113 to function as an electrode, the fixed elec-
trode film 113 1s formed by a single-layer film of a conductive
matenal, e.g., a polysilicon film or a metal film such as an
aluminum film, or a multi-layer film of a conductive film and
an nsulative film.

Then, as shown in FIGS. 13E to 13H, the protection film
106 1s formed entirely across the front surface and the reverse
surface of the silicon substrate 101, as in the step shown 1n
FIGS. 2E to 2H of the first embodiment.

Then, as shown 1n FIGS. 14 A to 14D, the various thin films
deposited on the reverse surface of the silicon substrate 101
are removed so as to expose the reverse surface of the silicon
substrate 101, as 1n the step shown in FIGS. 21 to 2L of the first
embodiment.

Then, as shown 1n FIGS. 14E to 14H, the thin mask film
107 1s formed on the front surface and the reverse surface of
the silicon substrate 101, as in the step shown 1n FIGS. 2M to
2P of the first embodiment. Then, on the reverse surface of the
s1licon substrate 101, a photolithography method and an etch-
ing method are used so as to form a substantially rhombic
opening 1n the thin mask film 107 to thereby provide an
exposed surface on the bottom surface of the silicon substrate
101, from where etching can be started.

Then, as shown 1in FIGS. 141 to 14L, the portion of the

reverse surface of the silicon substrate 101 being exposed
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through the opening pattern of the thin mask film 107 1s
ctched with an alkaline etchant such as, for example, KOH or
TMAH, thereby forming the through hole 110 1n the silicon
substrate 101, as 1n the step shown 1 FIGS. 3A to 3D of the
first embodiment. Since the etching rate on a crystal face
equivalent to the S1 (110) crystal face 1s several tens of times
greater than that on a crystal face equivalent to the S1 (111)
crystal face, the etching proceeds while exposing the crystal
face equivalent to the S1(111) crystal face on the inner wall of
the through hole 110. As a result, on the cross section shown
in FIG. 14] (1n other words, on the cross section along the
longer diagonal of the opening pattern, 1.e., the rhombic pat-
tern, of the thin mask film 107), there 1s formed the inclined
plane 108 being a crystal face equivalent to the S1 (111)
crystal face having an angle of 35.3 degrees with respect to
the front surface of the silicon substrate 101 (the S1 (110)
crystal face). On the cross section shown in FI1G. 141 (in other
words, on the cross section along the shorter diagonal of the
opening pattern, 1.e., the rhombic pattern, of the thin mask
film 107), there 1s formed the vertical plane 109 being a
crystal face equivalent to the S1 (111) crystal face vertical to
the front surface of the silicon substrate 101 (the S1 (110)
crystal face). When the through hole 110 runs completely
through the silicon substrate 101 as the etching proceeds, the
portion of the sacrificial silicon layer 103 1s exposed 1n a slit
pattern along the shorter diagonal described above in the
through hole 110 as shown 1n FIG. 14K.

Then, when the through hole 110 runs completely through
the silicon substrate 101 as described above, the etchant
reaches the sacrificial silicon layer 103 on the substrate front
surface through the through hole 110 as shown 1n FIGS. 15A
to 15D, as 1n the step shown in FIGS. 3E to 3H of the first
embodiment. Thus, the sacrificial silicon layer 103 1s 1sotro-
pically etched more quickly than single-crystal S1s0 as to be
completely removed.

Then, when the sacrificial silicon layer 103 1s completely
removed by etching as described above, the silicon substrate
101 starts to be etched also from the front surface side thereof,
whereby the through hole 110 gradually expands from the
substrate front surface side as shown 1n FIGS. 15E to 15H, as
in the step shown 1n FIGS. 31 to 3L of the first embodiment.

When the etching of the silicon substrate 101 further pro-
ceeds, the vertical plane 109 being a crystal face equuvalent to
the S1(111) crystal face 1s eventually formed as the inner wall
of the through hole 110 along the four sides of the opening
pattern, 1.e., the rhombic pattern 1n the thin mask film 107 on
the substrate reverse surface as shown 1n FIGS. 16A to 16D,
as 1n the step shown in FIGS. 4A to 4D of the first embodi-
ment. In other words, the substantially rhombic shape of the
opening 1n the thin film 102, in which the sacrificial silicon
layer 103 was present, becomes the planar shape of the
through hole 110 on the substrate front surface.

Then, as shown in FIGS. 16E to 16H, the thin film 102, the
interlayer film 104, the sacrificial film 112, the protection film
106 and the thin mask film 107 are etched away with an
etchant such as, for example, hydrogen fluoride, to thereby
expose the diaphragm film (vibrating electrode film) 105 and
the fixed electrode film 113, as 1n the step shown 1n FIGS. 4E
to 4H of the first embodiment. Thus, there 1s obtained a sonic
sensor of the present variation as shown 1n FIGS. 10A to 10D.
In this process, etching 1s controlled so that the interlayer film
104 buried 1n the depression 111 A for forming the diaphragm
holding section provided 1n the sacrificial silicon layer 103
(1including the interlayer film 104 above the depression 111 A)
and the thin film 102 below the depression 111 A are left as the
diaphragm holding section 111, thereby holding predeter-
mined portions of the diaphragm film 105 over the front
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surface of the silicon substrate 101. With the thin film 102, the
interlayer film 104 and the sacrificial film 112 being each

partially left as the spacer 117, the fixed electrode film 113 1s
held over the front surface of the silicon substrate 101. The
vibrating electrode pad 115 to be electrically connected to the
vibrating electrode film 103 1s held over the front surface of
the silicon substrate 101 by the layered structure of the thin
film 102 and the interlayer film 104, as 1s the vibrating elec-
trode film 105. The fixed electrode pad 116 to be electrically
connected to the fixed electrode film 113 1s held over the front
surface of the silicon substrate 101 by the layered structure of
the thin film 102, the interlayer film 104 and the sacrificial
film 112, as 1s the fixed electrode film 113.

According to the second variation of the first embodiment
as described above, the 1nner wall of the through hole 110 of
the silicon substrate 101 can be formed vertical to the sub-
strate principal plane. In other words, it 1s possible to prevent
the through hole 110 1n the silicon substrate 101 from being,
tapered, as 1 a conventional structure disclosed in, for
example, JP 2008-98524. Thus, 1t 1s possible to downsize the
planar shape of the diaphragm structure. It 1s also possible to
suppress the lowering of the chip strength while ensuring a
suificient volume of the through hole 110 of the silicon sub-
strate 101. Since the through hole 110 includes no tapered
portions, 1t 1s possible to eliminate the intfluence of the reflec-
tion of the sound wave at such tapered portions. Moreover,
since the path for the sound wave coming in from the substrate
reverse surface side as viewed from the diaphragm film 105 1s
not narrowed midway along the path, 1t 1s possible to mini-
mize the resistance (air resistance) for the sound wave (air
vibration) to pass through the through hole 110. Thus, sudifi-
cient vibration is transmitted to the diaphragm film (vibrating
clectrode film) 105. Therefore, with a sonic sensor of the
present variation, 1t 1s possible to prevent a deterioration in the
acoustic performance such as lowered sensitivity.

Therelore, according to the present variation, it 1s possible
to provide a sonic sensor in which the inner wall of the
through hole 110 1n the silicon substrate 101 1s substantially
entirely the vertical plane 109 using an inexpensive wet etch-
ing method, and a method for manufacturing the same.

According to the present variation, by holding only specific
portions of the diaphragm film 1035, nstead of holding the
entire periphery thereof, over the front surface of the silicon
substrate 101, 1t 1s possible to reduce the force of holding the
diaphragm film 105. Then, the diaphragm film 105 1s more
casily deformed by the application of a pressure thereto, thus
improving the vibrating performance of the diaphragm film
105.

While a diaphragm structure of the first embodiment (in-
cluding the first variation thereot) 1s applied to a sonic sensor
in the present variation, similar performance-improving
elfects can be obtained also when 1t 1s applied to other MEMS
devices, e.g., various sensors such as acceleration sensors and
pressure sensors.

Second Embodiment

A MEMS device according to a second embodiment of the
present disclosure, more specifically a MEMS device having
a diaphragm structure used 1n various sensors, and a method
for manufacturing the same will be described with reference
to the drawings.

The second embodiment differs from the first embodiment
primarily in that the diaphragm shape 1s hexagonal, and that a
thin {ilm pattern (opening pattern) for controlling the shape of
a sacrificial layer for forming the diaphragm 1s also hexago-
nal.
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FIGS. 17At017P, 18A to 18P, 19A to 19L and 20A to 20H
are exemplary 1llustrations each showing a step 1n a method
for manufacturing a MEMS device of the present embodi-
ment. FIGS. 17A, 17E, 171, 17M, 18A, 18E, 181, 18M, 19A,
19E, 191, 20A and 20E are plan views, FIGS. 17B, 17F, 171,
17N, 18B, 18F, 18], 18N, 19B, 19F, 19], 20B and 20F are
cross-sectional views taken along line A-A of FIGS. 17A,
17E, 171, 17M, 18A, 18E, 181, 18M, 19A, 19E, 191, 20A and
20E, respectively, FIGS. 17C, 17G, 17K, 170, 18C, 18G,
18K, 180, 19C, 19G, 19K, 20C and 20G are bottom views,
and FIGS. 17D, 17H, 17L, 17P, 18D, 18H, 18L, 18P, 19D,
19H, 191, 20D and 20H are cross-sectional views taken along,
line B-B of FIGS. 17A, 17E, 171, 17M, 18A, 18E, 181, 18M.,
19A, 19E, 191, 20A and 20E, respectively.

First, as shown 1n FIGS. 17A to 17D, there 1s provided the
rhombic silicon substrate 201 having a (110) crystal face as
the front surface (first principal plane) and the reverse surface
(second principal plane).

Then, as shown 1n FIGS. 17E to 17H, the thin film 202 1s
formed by a CVD method, for example, on the front surface
and the reverse surface of the silicon substrate 201. The thin
f1lm 202 1s a film of a material that 1s not easily etched by an
alkaline etchant with which the silicon substrate 201 1s aniso-
tropically etched, e.g., a silicon oxide film, a silicon nitride
film, or the like. The thickness of the thin film 202 is, for
example, about 50 to 500 nm.

Then, an opening pattern for controlling the sacrificial
layer shape 1s formed 1n the thin film 202 on the front surface
of the silicon substrate 201 using a photolithography method
and an etching method. The opening pattern 1s 1n a line-
symmetric hexagonal shape smaller than the silicon substrate
201. In the present embodiment, the size of the hexagonal
opening pattern dictates the size of the diaphragm (vibrating
f1lm) eventually formed. Specifically, two of the corner por-
tions of the hexagonal shape that are opposing each other
preferably have a first interior angle 1n a range of 109.4+1
degrees, and the other four of the corner portions of the
hexagonal shape preferably have a second interior angle 1n a
range of 125.3+1 degrees. However, 1n the case where a slight
degradation 1n performance 1s allowed, 1t 1s possible to
increase the first interior angle up to 109.4+5 degrees, and to
increase the second interior angle up to 125.3+5 degrees. The
longer diagonal of a substantially rhombic shape formed by
extending four sides touching the first interior angles 1s sub-
stantially parallel to the <001> orientation on the front sur-
face of the silicon substrate 101 being the (110) crystal face.
In other words, each side of the hexagonal shape that is
between two adjacent ones of the second interior angles 1s
substantially vertical to the <001> orientation on the first
principal plane being the (110) crystal face.

Then, as shown 1n FIGS. 171 to 171, the sacrificial silicon
layer 203 1s formed on the front surface and the reverse
surface of the silicon substrate 201. The material of the sac-
rificial silicon layer 203 may be, for example, polysilicon,
amorphous silicon, or the like, which are 1sotropically etched
by an alkaline etchant. Specifically, a polysilicon film or an
amorphous silicon film 1s deposited as the sacrificial silicon
layer 203 by, for example, a CVD method, on the front surface
of the silicon substrate 201 on which the thin film 202 having
a hexagonal opening has been formed, and then a photoli-
thography method and a dry etching method are used to
pattern the sacrificial silicon layer 203 1nto a hexagonal shape
that 1s stmilar to and larger than the hexagonal shape of the
opening of the thin film 202 so as to cover the opening. In this
process, predetermined portions of the sacrificial silicon layer
203 formed on the thin film 202 are removed so as to form 1n
advance the depressed portions (depressions for forming the
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diaphragm holding section) 211A eventually to be a dia-
phragm holding section 211 (see FIGS. 20E to 20H). In the
present variation, there are formed six circular-shaped
depressions 211 A for forming the diaphragm holding section
at the corner portions of the hexagonal sacrificial silicon layer
203.

Then, as shown 1n FIGS. 17M to 17P, an interlayer film 204
1s formed by, for example, a CVD method, on the front sur-
face and the reverse surface of the silicon substrate 201. The
interlayer film 204 1s a film of a material that 1s not easily
ctched by an alkaline etchant, e.g., a silicon oxide film, a
silicon nitride film, or the like.

Then, as shown 1 FIGS. 18A to 18D, a diaphragm film
(vibrating {1lm) 205 1s formed on the interlayer film 204 on the
front surface and the reverse surface of the silicon substrate
201. On the front surface of the silicon substrate 201, a pho-
tolithography method and an etching method are used to form
the diaphragm film 205 1nto a hexagonal shape that 1s smaller
than the sacrificial silicon layer 203 and larger than the open-
ing pattern of the thin film 202. In the present embodiment,
the diaphragm film 205 1s formed so as to overlap the depres-
sions 211A for forming the diaphragm holding section pro-
vided in the sacrificial silicon layer 203. In the present
embodiment, 1n order for the diaphragm film 203 to function
as a vibrating electrode, the diaphragm film 205 1s formed by
a single-layer film of a conductive material, e.g., a polysilicon
f1lm or a metal film such as an aluminum film, or a multi-layer
film of a conductive film and an msulative film.

Then, as shown 1n FIGS. 18E to 18H, a protection film 206
1s formed by, for example, a CVD method entirely across the
front surface and the reverse surface of the silicon substrate
201. The protection film 206 1s a film of a material that 1s not
casily etched by an alkaline etchant, e.g., a silicon oxide film,
a silicon nitride film, or the like.

Then, as shown 1n FIGS. 181 to 18L, the various thin films
deposited on the reverse surface of the silicon substrate 201
are removed so as to expose the reverse surface of the silicon
substrate 201. Specifically, the multi-layer film including the
various thin films deposited on the reverse surface of the
silicon substrate 201 1s removed by wet-etching the multi-
layer film material one layer at a time using a different etchant
cach time, such as, hydrogen fluoride or phosphoric acid
depending on the film material being etched, while protecting
the front surface side of the silicon substrate 201 with a resist
or a silicon oxide film. Alternatively, the multi-layer film on
the reverse surface of the silicon substrate 201 may be pol-
ished away at once using a back grinder.

Then, as shown 1n FIGS. 18M to 18P, a thin mask film 207
1s formed on the front surface and the reverse surface of the
silicon substrate 201. The thin mask film 207 1s a film of a
material that 1s not easily etched by an alkaline etchant with
which the silicon substrate 201 1s anisotropically etched, e.g.,
a silicon oxide film, a silicon nitride film, or the like. Then, on
the reverse surface of the silicon substrate 201, a photolithog-
raphy method and an etching method are used so as to form a
substantially rhombic opening in the thin mask film 207 to
thereby provide an exposed surface on the bottom surface of
the silicon substrate 201, from where etching can be started.

FIG. 21 1s a perspective view showing an opening pattern
for controlling the sacrificial layer shape formed in the thin
{1lm 202 on the front surface of the silicon substrate 201 1n the
step shown 1 FIGS. 17E to 17H, in comparison with an
opening pattern formed in the thin mask film 207 on the
reverse side of the silicon substrate 201 in the step shown in
FIGS. 18M to 18P. As shown in FIG. 21, in the present
embodiment, an opening pattern 1s formed 1n the thin mask
film 207 on the substrate reverse surface at substantially the
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same plan position (XY position) as the opening pattern for
controlling the sacrificial layer shape formed 1n the thin film
202 on the substrate front surface. As shown in FIG. 21, the
shorter diagonal of the rhombic shape of the opening pattern
formed 1n the thin mask film 207 has substantially the same
s1ze as that of the diagonal between two first interior angles
(109.4x1 degrees) of the hexagonal shape of the opening
pattern formed 1n the than film 202. In view of the expansion
and the variation from the opening pattern in the process of
ctching the silicon substrate 201 to be described later, the
diagonal between two {first interior angles of the hexagonal
shape of the opening pattern formed 1n the thin film 202 may
be larger than the shorter diagonal of the rhombic shape of the
opening pattern formed 1n the thin mask film 207.

Then, as shown 1 FIGS. 19A to 19D, the portion of the
reverse surface of the silicon substrate 201 being exposed
through the opening pattern of the thin mask film 207 1s
ctched with an alkaline etchant such as, for example, KOH or
TMAH, thereby forming a through hole 210 1n the silicon
substrate 201. Since the etching rate on a crystal face equiva-
lent to the S1(110) crystal face 1s several tens of times greater
than that on a crystal face equivalent to the S1 (111) crystal
face, the etching proceeds while exposing the crystal face
equivalent to the S1(111) crystal face on the inner wall of the
through hole 110. As a result, on the cross section shown in
FIG. 19B (1n other words, on the cross section along the
longer diagonal of the opening pattern, 1.¢., the rhombic pat-
tern, of the thin mask film 207), there 1s formed an inclined
plane 208 being a crystal face equivalent to the S1 (111)
crystal face having an angle of 35.3 degrees with respect to
the front surface of the silicon substrate 201 (the S1 (110)
crystal face). Onthe cross section shown in FIG. 19D (in other
words, on the cross section along the shorter diagonal of the
opening pattern, 1.e., the rhombic pattern, of the thin mask
f1lm 207), there 1s formed a vertical plane 209 being a crystal
face equivalent to the S1(111) crystal face vertical to the front
surface of the silicon substrate 201 (the S1(110) crystal face).
When the through hole 210 runs completely through the
s1licon substrate 201 as the etching proceeds, the portion of
the sacrificial silicon layer 203 1s exposed 1n a slit pattern
along the shorter diagonal described above in the through
hole 210 as shown 1n FIG. 19C.

Then, when the through hole 210 runs completely through
the silicon substrate 201 as described above, the etchant
reaches the sacrificial silicon layer 203 on the substrate front
surface through the through hole 210 as shown 1n FIGS. 19E
to 19H. Thus, the sacrificial silicon layer 203 1s 1sotropically
ctched more quickly than single-crystal S1 so as to be com-
pletely removed.

Then, when the sacrificial silicon layer 203 1s completely
removed by etching as described above, the silicon substrate
201 starts to be etched also from the front surface side thereof,
whereby the through hole 210 gradually expands from the
substrate front surface side as shown 1n FIGS. 191 to 19L.

When the etching of the silicon substrate 201 further pro-
ceeds, the vertical plane 209 being a crystal face equivalent to
the S1(111) crystal face 1s eventually formed as the inner wall
of the through hole 210 along the four sides of the opening
pattern, 1.e., the rhombic pattern 1n the thin mask film 207 on
the substrate reverse surtace as shown 1n FIGS. 20A to 20D.
In other words, the substantially rhombic shape of the open-
ing 1n the thin mask film 207 on the substrate reverse surface
becomes the planar shape of the through hole 210 on the
substrate reverse surface. The inclined plane 208 remains 1n
an upper portion of the inner wall of the through hole 210 due
to the hexagonal shape of the opening in the thin film 202, in
which the sacrificial silicon layer 203 was present. Specifi-
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cally, the inner wall surface of the through hole 210 1s formed
by the vertical plane 209 and the inclined plane 208, and the
hexagonal shape of the opeming 1n the thin film 202, in which
the sacrificial silicon layer 203 was present, becomes the
planar shape of the through hole 210 on the substrate front
surface. In the present embodiment, the size of the through
hole 210 on the substrate front surface 1s smaller than that of
the through hole 210 on the substrate reverse surface.

Then, as shown in FIGS. 20F to 20H, the thin film 202, the
interlayer film 204, the protection film 206 and the thin mask
f1lm 207 are etched away with an etchant such as, for example,
hydrogen fluoride, to thereby expose the diaphragm film 205.
In this process, etching 1s controlled so that the interlayer film
204 buried in the depression 211 A for forming the diaphragm
holding section provided 1n the sacrificial silicon layer 203
(including the interlayer film 204 above the depression 211A)
and the thin film 202 below the depression 211 A are left as the
diaphragm holding section 211, thereby holding predeter-
mined portions of the diaphragm film 205 over the front
surtace of the silicon substrate 201.

According to the second embodiment as described above,
in a diaphragm structure used in various sensors, the mner
wall of the through hole 210 (specifically, four inner wall
surfaces) can be formed vertical to the substrate principal
plane. In other words, 1t 1s possible to prevent the through hole
210 1n the silicon substrate 201 (particularly the substrate
reverse surface side) from being tapered, as in a conventional
structure disclosed 1n JP 2008-98524. Thus, it 1s possible to
downsize the planar shape of the diaphragm structure. It 1s
also possible to suppress the lowering of the chip strength
while ensuring a suificient volume of the through hole 210 of
the silicon substrate 201. Since the tapered portions of the
through hole 210 can be reduced, 1t 1s possible to suppress the
influence of the retlection of the sound wave at such tapered
portions. Moreover, since the path for the sound wave coming,
in from the substrate reverse surface side as viewed from the
diaphragm film 203 1s not narrowed midway along the path, 1t
1s possible to minimize the resistance (air resistance) for the
sound wave (air vibration) to pass through the through hole
110. Thus, suificient vibration 1s transmitted to the diaphragm
f1lm 205. Therefore, 1f a MEMS device of the present embodi-
ment 1s used as a sonic sensor, for example, it 1s possible to
prevent a deterioration in the acoustic performance such as
lowered sensitivity.

Theretfore, according to the second embodiment, it 1s pos-
sible to provide a diaphragm structure 1n which the inner wall
of the through hole 210 1n the silicon substrate 201 1s sub-
stantially entirely the vertical plane 209 using an inexpensive
wet etching method, a MEMS device using such a diaphragm
structure, and a method for manufacturing the same.

According to the second embodiment, the inclined plane
208 15 left 1n an upper portion of the imnner wall of the through
hole 210, thereby providing a diaphragm structure in which
the shape of the through hole 210 1s hexagonal on the sub-
strate front surface. Thus, 1t1s possible to make the diaphragm
film 205 1nto a hexagonal shape, of which the interior angle
exceeds 90 degrees. Therefore, 1t 1s possible to suppress the
stress localization at a diaphragm corner portion, thereby
preventing the diaphragm film 205 being broken from the
corner portion. Thus, it 1s possible to realize a diaphragm
structure with longer lifetime and better performance, and a
MEMS device such as a sonic sensor using the same.

Moreover, according to the second embodiment, by hold-
ing only specific portions of the diaphragm film 205, instead
of holding the entire periphery thereof, over the front surface
of the silicon substrate 201, 1t 1s possible to reduce the force of

holding the diaphragm film 205. Then, the diaphragm film
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2035 1s more easily deformed by the application of a pressure
thereto, thus improving the vibrating performance of the dia-

phragm film 203.

The positional relationship between the crystal orientation
ol the silicon substrate 201 and the opening pattern of the thin
mask film 207 on the substrate reverse surface according to
the second embodiment will now be described. In the second
embodiment, 1t 1s 1n principle preferred that the longer diago-
nal of the opening pattern, 1.e., the substantially rhombic
pattern of the thin mask film 207 1s parallel to the <001>
orientation on the reverse surface of the silicon substrate 201
(second principal plane) being the (110) crystal face. In prac-
tice, however, even 1f there 1s a slight error (a slight angle)
between the longer diagonal and the <001> orientation, the
angle of the inner wall surface of the through hole 210 with
respect to the substrate principal plane becomes closer to 90
degrees (vertical) as compared with a conventional structure
disclosed 1n JP 2008-98524. For example, if there 1s an error
of about 1 degree between the longer diagonal and the
<001> orientation, etching does not proceed 1n the direction
vertical to the substrate principal plane at the start of the
ctching of the silicon substrate 201, whereby there will be a
small overhang or a gentle slope region at the substrate front
surface side after the formation of the through hole 210.
Nevertheless, the inner wall of the through hole 210 15 sub-
stantially entirely formed by a crystal face equivalent to the
(111) crystal face that 1s substantially vertical to the substrate
principal plane.

Thus, 1n the present embodiment, since the through hole
210 1s formed by utilizing the large etching rate difference
occurring due to the crystal orientation of silicon, the 1nner
wall surface of the obtained through hole 210 1s mostly a
crystal face equivalent to the (111) crystal face substantially
vertical to the principal plane of the silicon substrate 201
being the (110) crystal face. In practice, however, the ratio
between the etching rate on the (110) crystal face and that on
the (111) crystal face 1s not infinitely large. Therefore, the
inner wall of the through hole 210 mostly has an inclination of
about 89 to 91 degrees with respect to the substrate principal
plane. However, as compared with the angle of the mnner wall
of the through hole with respect to the substrate principal
plane being about 35.3 degrees 1n a conventional structure
disclosed 1n, for example, JP 2008-98524, the area occupied

by the inclined plane occurring on the mner wall surface of
the through hole 210 of the present embodiment 1s very small.

While the planar shape of the through hole 210 on the
substrate reverse surface and the shape of the silicon substrate
201 are rhombic in the second embodiment, the rhombic
shape may have a slightly rounded corner portion depending
on the processing precision (1.e., the shape may be substan-
tially rhombic, 1t 1s noted that the terms rhombic and substan-
tially rhombic as utilized herein are intended to have the same
meaning and are utilized interchangeable). Moreover, while
the planar shape of the through hole 210 on the substrate front
surface and the shape of the vibrating film 205 are hexagonal
in the second embodiment, the hexagonal shape may have a
slightly rounded corner portion depending on the processing
precision (1.€., the shape may be substantially hexagonal, 1t 1s
noted that the terms hexagonal and substantially hexagonal as
utilized herein are intended to have the same meaning and are
utilized interchangeable).

While the silicon substrate 201 having a (110) crystal face
as the principal plane 1s used in the second embodiment, 1t 1s
possible to obtain similar effects to those of the present
embodiment even when using a silicon substrate whose prin-




US 8,166,327 B2

27

cipal plane 1s inclined from the (110) crystal face by about =1
degree due to an error in the silicon water manufacturing

pProcess.

Moreover, 1n the second embodiment, the shape of the
s1licon substrate 201, 1.e., the chip shape, 1s a rhombic shape.
Therefore, 1t 1s possible to employ a conventional dicing
technique for cutting a water into a large number of chips, and
the present disclosure can therefore be used without develop-
ing new techniques or making investment on plant and equip-
ment. For example, a water with many rhombic chips formed
therein may be irradiated with a laser beam along the dicing,
line, after which each rhombic chip can be separated by a
cleavage operation. Then, 1t 1s possible to reduce the damage
to the MEMS chips as compared with blade dicing.

The second embodiment uses a film deposition apparatus
of the type in which the water 1s placed 1n a vertical position,
wherein a film 1s deposited 1n each film deposition step on the
front surface and the reverse surface of the silicon substrate
201. Alternatively, the present disclosure may use a film
deposition apparatus of the type in which the water 1s placed
in a horizontal position, wherein a film 1s deposited only on
the front surface of the silicon substrate 201 1n film deposition
steps other than that for the thin mask film 207.

Variation of Second Embodiment

A MEMS device according to a vaniation of the second
embodiment of the present disclosure, more specifically a
sonic sensor having a diaphragm structure, and a method for
manufacturing the same will be described with reference to
the drawings. Specifically, the present vaniation 1s directed to
a sonic sensor using a diaphragm structure of the second
embodiment.

FIGS. 22A to 22D are exemplary 1llustrations showing a
structure of the sonic sensor of the present variation. FIG.
22 A 15 a plan view showing the sonic sensor of the present
variation, FIG. 22B 1s a cross-sectional view taken along line
A-A of FIG. 22A, FIG. 22C 1s a bottom view showing the
sonic sensor of the present varnation, and FIG. 22D 1s a
cross-sectional view taken along line B-B of FIG. 22A. In
FIGS. 22A to 22D, like elements to those of the second
embodiment shown 1n FIGS. 17A to 17P, 18A to 18P, 19A to
19L and 20A to 20H are denoted by like reference numerals
and will not be further described below.

As shown 1n FIGS. 22A to 22D, the sonic sensor of the
present variation has a diaphragm structure of the second
embodiment, 1.e., a structure 1 which the diaphragm film
(vibrating electrode film) 203 1s held by the diaphragm hold-
ing section 211 over the front surface of the silicon substrate
201, and the sonic sensor further includes a fixed film (fixed
clectrode film) 213 formed over the vibrating electrode film
205 so as to oppose the vibrating electrode film 203, and an air
gap 218 interposed between the vibrating electrode film 2035
and the fixed electrode film 213. Thus, the vibrating electrode
film 205 and the fixed electrode film 213 together form a
condenser, thereby realizing a sonic sensor function.

The fixed electrode film 213 1s held by a spacer 217 over the
tront surface of the silicon substrate 201. A plurality of acous-
tic holes 214 are formed so as to run through the fixed elec-
trode f1lm 213. Moreover, for the exchange of signals between
the sonic sensor of the present variation and the outside, a
vibrating electrode pad 215 to be electrically connected to the
vibrating electrode film 205 and a fixed electrode pad 216 to
be electrically connected to the fixed electrode film 213 are
provided over the front surface of the silicon substrate 201
outside the area where the fixed electrode film 213 is pro-

vided.
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While the inclined plane 208 being a crystal face equivalent
to the S1 (111) crystal face remains 1n an upper portion of the
inner wall of the through hole 210 due to the hexagonal shape
of the opening in the thin film 202 corresponding to the
hexagonal shape of the diaphragm film (vibrating electrode
{1lm) 205 1n the second embodiment, 1t 1s therefore possible 1n
the present variation to provide a space above the inclined
plane 208 for accommodating the vibrating electrode pad 215
and the fixed electrode pad 216. Thus, 1t 1s possible to efiec-
tively place electrode pads within a rhombic chip without
increasing the chip size for accommodating the electrode
pads.

A method for manufacturing the sonic sensor of the present
variation shown in FIGS. 22 A to 22D will now be described.

FIGS. 23A to 23P, 24 A to 24P, 25A to 25P and 26 A to 261

are exemplary illustrations each showing a step in a method
for manufacturing a MEMS device of the present variation.
FIGS. 23A, 23E, 231, 23M, 24 A, 24E, 241, 24M, 25A, 25FE,
251, 25M, 26 A, 26E and 261 are plan views, FIGS. 23B, 23F,
231, 23N, 24B, 24F, 241, 24N, 25B, 25F, 251, 25N, 26B, 26F
and 26J] are cross-sectional views taken along line A-A of
FIGS. 23A, 23E, 231, 23M, 24 A, 24E, 241, 24M, 25A, 25FE,
251, 25M, 26A, 26E and 261, respectively, FIGS. 23C, 23G,
23K, 230, 24C, 24G, 24K, 240, 25C, 235G, 25K, 250, 26C,
26G and 26K are bottom views, and FIGS. 23D, 23H, 23L.,
23P, 24D, 24H, 241, 24P, 25D, 25H, 251, 25P, 26D, 26H and
261 are cross-sectional views taken along line B-B of FIGS.
23A, 23E, 231, 23M, 24A, 24E, 241, 24M, 25A, 25E, 25I,
25M, 26 A, 26F and 261, respectively.

In the present variation, first, as shown 1n FIGS. 23A to
23D, there 1s provided the rhombic silicon substrate 101
having a (110) crystal face as the front surface (first principal

plane) and the reverse surface (second principal plane), as in
the step shown in FIGS. 17A to 17D of the second embodi-

ment. Then, as shown 1n FIGS. 23E to 23H, the thin film 202
1s formed on the front surface and the reverse surface of the
silicon substrate 201, and then a substantially hexagonal
opening pattern for controlling the sacrificial layer shape 1s
formed 1n the thin film 202 on the front surface of the silicon
substrate 201, as 1n the step shown in FIGS. 17E to 17H of the
first embodiment.

Then, as shown 1n FIGS. 231 to 231, the sacrificial silicon
layer 203 1s formed on the front surface and the reverse
surface of the silicon substrate 201, as in the step shown 1n
FIGS. 171 to 17L of the second embodiment. On the front
surface of the silicon substrate 201, the sacrificial silicon
layer 203 1s patterned into a substantially hexagonal shape
that 1s stmilar to and larger than the hexagonal shape of the
opening of the thin film 202 so as to cover the opening, while
predetermined portions of the sacrificial silicon layer 203
formed on the thin film 202 are removed so as to form 1n
advance the depressed portions (depressions for forming the
diaphragm holding section) 211A eventually to be the dia-
phragm holding section 211 (see FIGS. 261 to 26L).

Then, as shown 1n FIGS. 23M to 23P, the interlayer film
204 1s formed on the front surface and the reverse surface of
the silicon substrate 201, as 1n the step shown in FIGS. 17M
to 17P of the second embodiment.

Then, as shown 1 FIGS. 24A to 24D, the diaphragm {ilm
(vibrating electrode film) 2035 1s formed on the interlayer film
204 on the front surface and the reverse surface of the silicon
substrate 201, as 1n the step shown 1n FIGS. 18A to 18D ofthe
second embodiment. On the front surface of the silicon sub-
strate 201, the diaphragm film 205 1s formed so as to overlap
the depressions 211A for forming the diaphragm holding
section provided in the sacrificial silicon layer 203, and there
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1s provided the vibrating electrode pad 215 to be electrically
connected to the diaphragm film 205.

Then, as shown 1n FIGS. 24E to 24H, a sacrificial film 212
1s formed over the front surface of the silicon substrate 201 so
as to cover the diaphragm film 2035. The sacrificial film 212 1s

eventually etched away to thereby form an air gap necessary
for the condenser structure (the air gap 218 shown 1 FIGS.
261to 26L.). In view of this, the thickness of the sacrificial film
212 1s set to a desired air gap height, e.g., 4 um, 1n the present
variation. Moreover, in the formation of the air gap, 1t 1s
preferred that the sacrificial film 212 1s etched away simulta-
neously with the thin film 202 and the interlayer film 204. In
view of this, a silicon oxide film 1s used for the sacrificial film
212, as 1s for the thin film 202 and the interlayer film 204, 1n
the present vanation.

Then, as shown 1n FIGS. 241 to 241, on the sacrificial film
212, the fixed electrode film 213 1s formed so as to oppose the
diaphragm film 205 while forming the fixed electrode pad 216
to be electrically connected to the fixed electrode film 213. In
this process, the acoustic holes 214 are also formed so as to
run through the fixed electrode film 213. In order for the fixed
electrode film 213 to function as an electrode, the fixed elec-
trode 1ilm 213 1s formed by a single-layer film of a conductive
material, e.g., a polysilicon film or a metal film such as an
aluminum film, or a multi-layer film of a conductive film and
an insulative film.

Then, as shown 1n FIGS. 24M to 24P, the protection film
206 1s formed entirely across the front surface and the reverse

surface of the silicon substrate 201, as 1n the step shown 1n
FIGS. 18E to 18H of the second embodiment.

Then, as shown 1n FIGS. 25A to 25D, the various thin films
deposited on the reverse surface of the silicon substrate 201
are removed so as to expose the reverse surface of the silicon
substrate 201, as in the step shown 1n FIGS. 181 to 18L of the
second embodiment.

Then, as shown 1n FIGS. 25E to 25H, the thin mask film
207 1s formed on the front surface and the reverse surface of
the silicon substrate 201, as 1n the step shown 1n FIGS. 18M
to 18P of the second embodiment. Then, on the reverse sur-
face of the silicon substrate 201, a photolithography method
and an etching method are used so as to form a substantially
rhombic openming 1n the thin mask film 207 to thereby provide
an exposed surface on the bottom surface of the silicon sub-
strate 201, from where etching can be started.

Then, as shown 1in FIGS. 251 to 251, the portion of the
reverse surface of the silicon substrate 201 being exposed
through the opening pattern of the thin mask film 207 1s
etched with an alkaline etchant such as KOH or TMAH, {for
example, thereby forming the through hole 210 1n the silicon
substrate 201, as 1n the step shown 1n FIGS. 19A to 19D of the
second embodiment. Since the etching rate on a crystal face
equivalent to the S1 (110) crystal face 1s several tens of times
greater than that on a crystal face equivalent to the S1 (111)
crystal face, the etching proceeds while exposing the crystal
face equivalent to the S1(111) crystal face on the inner wall of
the through hole 210. As a result, on the cross section shown
in FIG. 25] (in other words, on the cross section along the
longer diagonal of the opening pattern, 1.¢., the rhombic pat-
tern, of the thin mask film 207), there 1s formed the inclined
plane 208 being a crystal face equivalent to the S1 (111)
crystal face having an angle of 35.3 degrees with respect to
the front surface of the silicon substrate 201 (the S1 (110)
crystal face). On the cross section shown in FIG. 251 (in other
words, on the cross section along the shorter diagonal of the
opening pattern, 1.e., the rhombic pattern, of the thin mask
film 207), there 1s formed the vertical plane 209 being a
crystal face equivalent to the S1 (111) crystal face vertical to
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the front surface of the silicon substrate 201 (the S1 (110)
crystal face). When the through hole 210 runs completely
through the silicon substrate 201 as the etching proceeds, the
portion of the sacrificial silicon layer 203 1s exposed 1n a slit
pattern along the shorter diagonal described above in the
through hole 210 as shown 1n FIG. 25K.

Then, when the through hole 210 runs completely through
the silicon substrate 201 as described above, the etchant
reaches the sacrificial silicon layer 203 on the substrate front

surface through the through hole 210 as shown 1n FIGS. 25M
to 25P, as 1n the step shown 1n FIGS. 19E to 19H of the second
embodiment. Thus, the sacrificial silicon layer 203 1s 1sotro-
pically etched more quickly than single-crystal Siso as to be
completely removed.

Then, when the sacrificial silicon layer 203 1s completely
removed by etching as described above, the silicon substrate
201 starts to be etched also from the front surface side thereof,
whereby the through hole 210 gradually expands from the
substrate front surface side as shown in FIGS. 26 A to 26D, as
in the step shown 1n FIGS. 191 to 19L of the second embodi-
ment.

When the etching of the silicon substrate 201 further pro-
ceeds, the vertical plane 209 being a crystal face equivalent to
the S1(111) crystal face 1s eventually formed as the inner wall
of the through hole 210 along the four sides of the opening
pattern, 1.e., the substantially rhombic pattern in the thin mask
film 207 on the substrate reverse surface as shown in FIGS.
26E to 26H, as 1n the step shown 1n FIGS. 20A to 20D of the
second embodiment. In other words, the rhombic shape of the
opening 1n the thin mask film 207 on the substrate reverse
surface becomes the planar shape of the through hole 210 on
the substrate reverse surface. The inclined plane 208 remains
in an upper portion of the inner wall of the through hole 210
due to the hexagonal shape of the opeming 1n the thin film 202,
in which the sacrificial silicon layer 203 was present. Specifi-
cally, the inner wall surface of the through hole 210 1s formed
by the vertical plane 209 and the inclined plane 208, and the
hexagonal shape of the opening 1n the thin film 202, in which
the sacrificial silicon layer 203 was present, becomes the
planar shape of the through hole 210 on the substrate front
surface. In the present embodiment, the size of the through
hole 210 on the substrate front surface 1s smaller than that of
the through hole 210 on the substrate reverse surtace.

Then, as shown 1n FIGS. 261 to 261, the thin film 202, the
interlayer film 204, the sacrificial film 212, the protection film
206 and the thin mask film 207 are etched away with an
ctchant such as, for example, hydrogen fluoride, to thereby
expose the diaphragm film (vibrating electrode film) 205 and
the fixed electrode film 213, as in the step shown in F1GS. 20E
to 20H of the second embodiment. Thus, there 1s obtained a
sonic sensor of the present variation as shown in FIGS. 22A to
22D. In this process, etching 1s controlled so that the inter-
layer film 204 buried 1n the depression 211 A for forming the
diaphragm holding section provided 1n the sacrificial silicon
layer 203 (including the interlayer film 204 above the depres-
sion 211A) and the thin film 202 below the depression 211 A
are left as the diaphragm holding section 211, thereby holding
predetermined portions of the diaphragm film 205 over the
front surface of the silicon substrate 201. With the thin film
202, the interlayer film 204 and the sacrificial film 212 being
cach partially left as the spacer 217, the fixed electrode film
213 1s held over the front surface of the silicon substrate 201.
The vibrating electrode pad 215 to be electrically connected
to the vibrating electrode film 203 is held over the front
surface of the silicon substrate 201 by the layered structure of
the thin film 202 and the interlayer film 204, as 1s the vibrating
clectrode film 205. The fixed electrode pad 216 to be electr-
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cally connected to the fixed electrode film 213 1s held over the
front surface of the silicon substrate 201 by the layered struc-
ture of the thin film 202, the mterlayer film 204 and the
sacrificial film 212, as 1s the fixed electrode film 213.

According to the vaniation of the second embodiment as
described above, the inner wall of the through hole 210 (spe-
cifically, four mnner wall surfaces) of the silicon substrate 201
can be formed vertical to the substrate principal plane. In
other words, 1t 1s possible to prevent the through hole 210 1n
the silicon substrate 201 (particularly the substrate reverse
surface side) from being tapered, as 1n a conventional struc-
ture disclosed 1n, for example, JP 2008-98524. Thus, 1t 1s
possible to downsize the planar shape of the diaphragm struc-
ture. It 1s also possible to suppress the lowering of the chip
strength while ensuring a sufficient volume of the through
hole 210 of the silicon substrate 201. Since the tapered por-
tions of the through hole 210 can be reduced, 1t 15 possible to
suppress the influence of the reflection of the sound wave at
such tapered portions. Moreover, since the path for the sound
wave coming 1n from the substrate reverse surface side as
viewed from the diaphragm film 205 1s not narrowed midway
along the path, 1t 1s possible to minimize the resistance (air
resistance) for the sound wave (air vibration) to pass through
the through hole 210. Thus, suflicient vibration 1s transmitted
to the diaphragm film (vibrating electrode film) 205. There-
fore, with a sonic sensor of the present variation, 1t 1s possible
to prevent a deterioration 1n the acoustic performance such as
lowered sensitivity.

Therelore, according to the present variation, it 1s possible
to provide a sonic sensor in which the mner wall of the
through hole 210 1n the silicon substrate 201 1s substantially
entirely the vertical plane 209 using an inexpensive wet etch-
ing method, and a method for manufacturing the same.

According to the present variation, the inclined plane 208
1s ledt 1n an upper portion of the inner wall of the through hole
210, thereby providing a diaphragm structure in which the
shape of the through hole 210 1s hexagonal on the substrate
front surface. Thus, 1t 1s possible to make the diaphragm film
205 1nto a hexagonal shape, of which the interior angle
exceeds 90 degrees. Therefore, 1t 1s possible to suppress the
stress localization at a diaphragm corner portion, thereby
preventing the diaphragm film 205 being broken from the
corner portion. Thus, 1t 1s possible to realize a diaphragm
structure with longer lifetime and better performance, and a
MEMS device such as a sonic sensor using the same.

Moreover, according to the present variation, by holding
only specific portions of the diaphragm film 2035, instead of
holding the entire periphery thereot, over the front surface of
the silicon substrate 201, 1t 1s possible to reduce the force of
holding the diaphragm film 205. Then, the diaphragm film
205 1s more easily deformed by the application of a pressure
thereto, thus improving the vibrating performance of the dia-
phragm film 205.

While a diaphragm structure of the second embodiment 1s
applied to a sonic sensor in the present variation, similar
performance-improving eilects can be obtained also when it
1s applied to other MEMS devices, e.g., various sensors such
as acceleration sensors and pressure sensors.

Moreover, any combination of features of different
embodiments described above may be employed without
departing from the scope of the present disclosure. For
example, the methods disclosed herein are not limited to use
with MEMS devices, and may be utilized 1n other applica-
tions, such as, but not limited to, devices in the field of
Through Silicon Via (TSV) or 3D mounting or 3D packaging.

Now, the substrate used 1n the present disclosure 1s not
limited to the silicon substrate. For example, any substrate
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having face-centered cubic lattice may be included 1n the
scope of the present disclosure.

Although certain specific embodiments of the present dis-
closure have been set forth herein, 1t 1s noted that the present
disclosure may be embodied 1n other forms without departing
from the spirit or essential characteristics thereof. The present
embodiments are therefore to be considered 1n all respects as
illustrative and not restrictive, the scope of the disclosure
being indicated by the appended claims, and all changes that
come within the meaning and range of equivalency of the
claims are therefore intended to be embraced therein.

What 1s claimed 1s:

1. A MEMS device, comprising:

a substrate having a first principal plane and a second

principal plane opposite to the first principal plane;

a through hole formed 1n the substrate; and

a vibrating {ilm formed over the first principal plane so as

to cover the through hole, wherein:

the first principal plane and the second principal plane are

both a (110) crystal face;

the through hole defines inner walls of the substrate, a first

part of the mner walls being slanted relative to the first
principal plane and a second part of the inner walls being
substantially vertical relative to the second principal
plane, and

the through hole has a substantially rhombic shape on the

second principal plane.

2. The MEMS device of claim 1, wherein the substrate 1s a
silicon substrate.

3. The MEMS device of claim 1, wherein the vibrating {ilm
1s partially held by a holding section.

4. The MEMS device of claam 1, wherein:

a {irst iterior angle of the rhombic shape 1s 1n a range of

70.6+3 degrees; and

a second 1nterior angle of the rhombic shape 1s 1n arange of

109.4+3 degrees.

5. The MEMS device of claim 1, wherein a longer diagonal
of the rhombic shape 1s substantially parallel to a <001>
orientation on the second principal plane being a (110) crystal
face.

6. The MEMS device of claim 1, wherein a size of the
through hole on the first principal plane 1s smaller than a size
of the through hole on the second principal plane.

7. The MEMS device of claim 1, wherein the through hole
has a substantially hexagonal shape on the first principal
plane.

8. The MEMS device of claim 7, wherein:

two of corner portions of the hexagonal shape that are

opposing each other have a first interior angle 1n a range
of 109.4+3 degrees; and

the other four of the corner portions of the hexagonal shape

have a second interior angle 1n a range of 125.3+3
degrees.

9. The MEMS device of claim 7, wherein a side extending,
between adjacent ones of second interior angles of the hex-
agonal shape 1s substantially vertical to a <001> orientation
on the first principal plane being a (110) crystal face.

10. The MEMS device of claim 7, wherein the vibrating
film has a substantially hexagonal shape.

11. The MEMS device of claim 1, wherein the substrate has
a substantially rhombic shape.

12. The MEMS device of claim 1, further comprising:

a fixed film formed over the vibrating film so as to oppose

the vibrating film; and

an air gap iterposed between the vibrating film and the

fixed film.
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13. The MEMS device of claim 1, wherein the first part of
the mnner walls 1s located on the first principal side relative to
the second part of the inner walls.

14. A method for manufacturing a MEMS device, compris-
ing the steps of:

(a) forming a sacrificial layer on a first principal plane of a
substrate having the first principal plane and a second
principal plane opposite to the first principal plane;

(b) forming a vibrating film over the sacrificial layer;

(¢) etching the substrate from a side of the second principal
plane to thereby form a through hole in the substrate; and

(d) supplying an etchant through the through hole, thereby
removing the sacrificial layer and expanding the through
hole from a side of the first principal plane, wherein:

the first principal plane and the second principal plane are
both a (110) crystal face;

the through hole defines inner walls of the substrate, a first
part of the mner walls being slanted relative to the first
principal plane and a second part of the inner walls being
substantially vertical relative to the second principal
plane, and

the through hole has a substantially rhombic shape on the
second principal plane.

15. The method for manufacturing a MEMS device of

claim 14, wherein the substrate 1s a silicon substrate.

16. The method for manufacturing a MEMS device of
claim 14, wherein the vibrating film 1s partially held by a
holding section.

17. The method for manufacturing a MEMS device of
claim 14, wherein:

a first interior angle of the rhombic shape 1s 1n a range of

70.6x3 degrees; and

a second interior angle of the rhombic shape 1s in a range of
109.4+3 degrees.

18. The method for manufacturing a MEMS device of
claim 14, wherein a longer diagonal of the rhombic shape 1s
substantially parallel to a <001> orientation on the second
principal plane being a (110) crystal face.

19. The method for manufacturing a MEMS device of
claim 14, wherein a size of the through hole on the first
principal plane after completion of the step (d) 1s smaller than
a size of the through hole on the second principal plane after
completion of the step (d).

20. The method for manufacturing a MEMS device of
claim 14, wherein the through hole has a substantially hex-
agonal shape on the first principal plane after completion of
the step (d).

21. The method for manufacturing a MEMS device of
claim 20, wherein:

two of corner portions of the hexagonal shape that are
opposing each other have a first interior angle 1n a range
of 109.4+3 degrees; and

the other four of the corner portions of the hexagonal shape
have a second interior angle 1n a range of 125.3%3
degrees.

22. The method for manufacturing a MEMS device of
claim 20, wherein a side extending between adjacent ones of
the second 1nterior angles of the hexagonal shape 1s substan-
tially vertical to a <001> orientation on the first principal
plane being a (110) crystal face.
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23. The method for manufacturing a MEMS device of
claim 20, wherein the vibrating film has a substantially hex-
agonal shape.

24. The method for manufacturing a MEMS device of
claim 14, wherein the substrate has a substantially rhombic
shape.

25. The method for manufacturing a MEMS device of
claim 14, turther comprising, aiter the step (b), a step (e) of
forming a fixed film over the vibrating film with a sacrificial
f1lm 1nterposed therebetween and then removing the sacrifi-
cial film to thereby form an air gap between the vibrating film
and the fixed film.

26. The method of manufacturing a MEMS device of claim
14, wherein the first part of the inner walls 1s located on the
first principal side relative to the second part of the inner
walls.

27. A device, comprising:

a substrate having a first principal plane and a second

principal plane opposite to the first principal plane; and

a through hole formed 1n the substrate; wherein:

the first principal plane and the second principal plane are
both a (110) crystal face;

the through hole defines inner walls of the substrate, a first
part of the mner walls being slanted relative to the first
principal plane and a second part of the inner walls being
substantially vertical relative to the second principal
plane, and

the through hole has a substantially rhombic shape on the
second principal plane.

28. The device of claim 27, wherein the substrate 1s a

silicon substrate.

29. The device of claim 27, wherein the first part of the
inner walls 1s located on the first principal side relative to the
second part of the inner walls.

30. A method for manufacturing a device, comprising the
steps of:

(a) forming a sacrificial layer on a first principal plane of a
substrate having the first principal plane and a second
principal plane opposite to the first principal plane;

(b) etching the substrate from a side of the second principal
plane to thereby form a through hole in the substrate; and

(¢) supplying an etchant through the through hole, thereby
removing the sacrificial layer and expanding the through
hole from a side of the first principal plane, wherein:

the first principal plane and the second principal plane are
both a (110) crystal face;

the through hole defines inner walls of the substrate, a first
part of the mner walls being slanted relative to the first
principal plane and a second part ol the inner walls being
substantially vertical relative to the second principal
plane, and

the through hole has a substantially rhombic shape on the
second principal plane.

31. The method of manufacturing a device of claim 30,

wherein the substrate 1s a silicon substrate.

32. The method of manufacturing a device of claim 30,
wherein the first part of the mner walls 1s located on the first
principal side relative to the second part of the inner walls.
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